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SCANNING  TUNNELING  MICROSCOPY,  ATOMIC  FORCE  MICROSCOPY, 

AND  RELATED  TECHNIQUES 


Shelly  R.  Snyder  and  Henry  S.  White 

Department  of  Chemical  Engineering  and  Materials  Science,  University  of  Minnesota,  151 
Amundson  Hall,  421  Washington  Ave.  S.E.,  Minneapolis,  Minnesota  55455 

INTRODUCTION 

The  last  decade  has  seen  the  invention  and  development  of  scanning  tunneling 
microscopy  (STM)  and  atomic  force  microscopy  (AFM).  In  1986,  the  inventors  of  STM,  Binnig 
and  Rohrer  (A/),  received  the  Nobel  Prize  in  Physics  for  their  accomplishment.  A  nearly 
exponential  increase  in  the  number  of  publications  describing  ^plications  of  STM  and  AFM  has 
occurred  during  the  past  few  years,  lliis  remarkable  growth  is  the  best  indication  that  these  and 
related  scanned-proire  techniques  are  being  widely  accepted  as  analytical  tools  for  addressing 
fundamental  issues  in  physics,  chemistry,  biology,  and  engineering. 

This  manuscript  reviews  the  literature  concerning  STM,  /^M,  and  other  scanned-probe 
microscopies  from  January  1  through  December  IS,  1991.  Recent  reviews  on  Surface 
Characterization  (A2)  and  Chenucal  Microscopy  (AS),  published  in  this  journal,  repm  on 
develoimiaits  and  arolicatitms  ot  STM  and  AFM  tiroug^  the  end  ol  1990.  The  literature  cited  in 
this  review  is  taken  tom  a  search  of  the  STN  International  Database  and  Current  Contents.  A 
significant  numbo’  of  citations  are  tom  the  Proceedings  of  the  Fifth  Litemational  Conference  on 
STM/Spectroscopy  and  the  First  International  Conference  on  Nanometer  Scale  Science  and 
Technology,  published  in  the  Journal  of  Vacuum  Science  A  Technology  B,  Volume  9,  1991. 
This  latter  volume  contains  an  excellent  collection  of  research  articles  tl^  are  representative  of 
cuirent  trends  in  the  SIM/AFM  community. 

STM  is  used  throughout  this  review  as  an  interchangeable  abbreviation  for  both  scanning 
tunneling  microsct^y  and  the  scanning  tunneling  microscope.  AFM  is  similarly  used  as  an 
abbreviation  for  both  the  technique  and  die  instrument 

A.  BOOKS  AND  REVIEWS 

An  extensive  review  of  the  theoretical  and  experimental  aspects  of  STM  is  given  by  Chen 
(A4).  The  NATO  ASI  series  book  (A5) ,  entitled  Scanning  Tunneling  Microscopy  and  Related 
Methods,  edited  by  Behm,  Garcia  a^  Rtduer,  discusses  recent  developments  in  the  the^  and 
applications  of  STM  and  AFM,  as  well  as  relat»l  optical  and  acoustic  microscqiies.  This  series 
addresses  qiplications  of  STM  in  investigations  of  metal  and  semiconductOT  surfaces,  organic 
and  biologi^  materials,  and  liquid-sdid  interfaces. 

Much  recent  effort  has  been  devoted  to  the  design  and  characterization  of  probe  tip.  The 
effects  of  die  electric  field  surrounding  the  tip  is  a  todamental  issue  in  addressing  surface 
damage  frequently  observed  while  imaging  and  in  employing  STM  for  intentional  surface 
modifications.  Binnig  and  Garcia  address  these  subjects  in  a  review  dealing  with  the  role  of 
STM  tips  in  ion  emission  and  surface  melting  (A6).  The  usefulness  of  die  S'lM  in  its  ability  to 
manipulate  atoms  and  molecules  on  a  surface  in  a  controlled  fashion  has  been  reviewed  by  Eng 
and  Fuchs  (AT). 

Several  review  articles  deal  with  specific  applications  of  die  STM.  Gimzewski  has 
conadered  the  interpretation  of  the  structimd  details  observed  in  images  oi  metab,  molecules, 
and  biological  complexes  in  terms  of  electronic  charge  contours  (Ao).  Metzger  and  Panetta 
reported  tm  the  use  of  STM  for  studsring  Langmuir-Blodgett  films  (A9).  UebCT  and  Wu  have 
extensively  studied  charge  density  waves  in  low-dimensional  materials,  such  as  tantalum 
dichakogenides,  and  have  reviewed  the  effects  of  metal-sub^tution  in  these  materials  (A/0). 
The  electronic  structure  df  small  metallic  particles  and  their  interaction  and  modulation  ttf  die 
substrate  electronic  structure  is  reviewed  by  Suder  {All).  Surface  diffusion  of  metal  atoms  as 
observed  by  several  micioscopic  techniques,  including  ST^  has  also  been  reviewed  (A/2). 

The  principles  and  iteration  of  the  electrochemioal  STM  are  discussed  by  Chidsey 
(A/i).  Shororomings  of  this  technique  in  the  study  of  materials  which  are  not  atomicaliy  flat  are 
discussed. 
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AFM,  like  STM,  is  capable  of  imaging  surfaces  with  atomic  resolution  ,  but  can  image 
both  conductive  and  non-conductive  samples.  Developed  by  Bitmig,  Quate,  and  Gerber  in  1986 
(,A14),  the  AFM  has  similar  status  and  flexibility  in  useage  as  the  STM.  In  AFM,  a  sharp  tip  is 
mounted  on  a  micro-cantilever  arm  and  rastered  across  the  sample  surface.  In  a  typical 
configuration,  the  deflection  of  a  light  off  the  back  of  the  cantilever  is  used  to  monitor  the  force 
applied  by  the  cantilever  on  the  sample.  In  systems  of  this  type,  farces  as  snaall  as  10*^  Newtons 
are  applied  to  the  substrate,  thereby  reducing  damage  to  the  sample.  A  useful  review  of  the 
subject  highlights  five  cantilever  (hive  systems  and  seven  deflectitm  detection  systems  (AIS). 


(Al)  Binnig,  G.;  Rohrer,  H.;  Gerber,  Ch.;  Weibel,  E.  Phys.  Rev.  Lett.  1982, 49,  57. 
(A2)  Ray,  M.A.;  McGuire,  G.E.;  Musselman,  I.H.;  Nemanich,  R.J.;  Chopra,  D.R.  Anal. 

Chem.  1991, 63,  99R-118R. 

(A3)  Cooke,  P.  M.  Anal.  Chem.  1990, 62,  423R-41R. 

(A4)  Chen,  J.  J.  Vac  Sci.  Technol.  A  1991, 9,  44-50. 

(A5)  Scanning  Tunneling  Microscopy  and  Related  Methods;  Behm,  R  J.,  Garcia,  N., 

Rohrer,  H.,  Eds.;  NATO  ASI  S^es  E:  Applied  Sciences- VoL  184;  Kluwer  Academic 
Publishers:  Dtxdiecht,  Bosum  and  Londtm,  1990. 

(A6)  Binh,  V.T.;  Garcia,  N.  /.  Phys.  /  1991, 1,  605-12. 

(AT)  Eng,  L.M.;  Fuchs,  R  Mater.  Sci.  Eng.  A  1991,  AI39,  230-38. 

(A8)  Gimzewski,  J.K.  NATO  ASI  Ser.  C 1991,  328,  203-15. 

(A9)  Metzger,  R.M.;  Panetta,  C.A.  Synth.  Met.  1991, 42,  1407-13. 

(AlO)  Ueber,  C.M.;  Wu,  X.L.  Acc.  Chem.  Res.  1991, 24,  170-77. 

(All)  SatUer,  K.  Z.  Phys.  D  1991, 19,  287-92. 

(A12)  EhrUch,  G.  Surf.  Sci.  1991, 246,  1-12. 

(A13)  Chidsey,  C.  Proc.  Electrochem.  Soc.  (Proc.  Symp.  Appl.  Surf.  Anal.  Methods 
Emiron.lMater.  Interact.,  1990)  1991,9/,  257-64. 

(A14)  Binnig,  G.;  Quate,  C.F.;  Gerber,  Ch.  Phys.  Rev.  Lett.  1986,  56, 930. 

(Al^  Sand,  D.;  Elings,  V.  /.  Vac  Sci.  Technol.  B 1991, 9, 43 1-37. 
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B.  INSTRUMENTATION  and  PROBE  TIPS 

Several  researchers  describe  home-built  STM's  {Bl.  B2)  and  novel  coarse  positioning 
devices  (B3,  B4).  Various  calibration  methods  (e.g.,  an  inductive  displacement  transducer  and 
Michelson  interferometer)  for  the  piezoelectric  element,  which  controls  the  fine  position  of  the 
tunneling  tip,  have  been  compared  {B5).  Sugawara  et  al.  have  combined  the  STM  wiA  the  AFM 
for  simultaneous  imaging  of  the  repulsive  contact  forces  and  surface  conductance  between  a 
probe  and  sample  and  present  data  for  graphite  iB6). 

STMs  are  now  being  integrated  into  multifunctional  surface  aiudysis  instruments  where  a 
number  of  measurements  or  surface  modifications  can  be  performed  on  the  sample  without 
removal  from  the  instrument.  Some  of  the  combinations  include  an  opticd  microscope  (B7), 
molecular-beam  ^itaxy  system  {B8\  and  IR  reflection-adsorption  spectrometer  (B9). 

Interest  in  fenomagnetic  materials  and  superconductors  has  lead,  in  part,  to  the 
development  of  a  magnetic  force  microscope  based  on  the  STM.  Tliis  instrument  can 
simultaneously  measure  topo^phy  and  magnetic  forces  between  a  flexible  magnetic  tip  and  the 
sample  {BIO,  Bll).  Variations  on  this  technology  include  STM's  which  can  detect  spin- 
polarized  electrons  and  thus  magnetic  structures  at  the  atomic  scale  (B12),  or  which  can  detect 
spatially  resolved  spin-polarized  secondary  electrons  emitted  from  the  sample  with  the  STM 
operating  in  the  field  emission  mode  (BU). 

Stoll  and  Gimzewski  have  compared  atomically  resolved  images  of  Au(110)(lx2)  and 
Cu(lll)  using  both  the  conventional  and  differentiiti  modes  of  STM  {B14).  Hie  authors 
conclude  that  the  differential  mode,  which  is  a  phase-sensitive  technique  designed  to  reduce 
noise,  results  in  an  increase  in  the  1/f  component  Variations  in  the  local  conductivity  and 
topography  of  copper  samples  have  been  simultaneously  moniuired  by  analysis  of  the  high 
fr^uency  component  of  the  tunneling  current  noise  {BIS).  A  scanning  chemical  potentud 
microsct^  (SC7M)  has  been  develcqied  to  measure  thermoelectric  potential  variations  related  to 
atomic  scale  variations  in  the  surface  chemical  potential  gradient  {BI6).  The  thermoelectric 
voltage  produced  at  the  tunnel  juncticm  between  a  tip  and  sample,  which  is  heated,  is  measured 
simultaneously  with  the  STM  current  images.  Kmdic  et  aL  have  u^  a  two-dimensional  SIM  to 
image  the  intaface  between  the  p-  and  n-^pe  re^ons  of  a  biased  Si  p-n  junction  {BIT). 

Yau  et  al.(B/S)  have  used  a  novel  electric  field  effect  to  dc^at  gas-ph^  Al  atoms  in 
local  regions  directly  beneath  the  STM  tq).  This  technique  allows  for  writing  of  nanometer-sized 
features  on  surfaces. 

The  STM  current  can  be  enhanced  or  controlled  by  photoexcitation  of  electronic 
transitions  within  the  tunnel  junction.  Voelcker  et  al.,  for  instance,  have  illuminated  tunnel 
junctions  with  laser  radiation  during  STM  measurements  {B19,  B20).  A  d.c.  current  generated 
by  rectifying  the  laser  lig^t,  combined  with  a  difference-frequency  signal,  is  used  v>  obtain 
atomically  resolved  images  ^  gr^rilile  and  to  centred  the  tip-io-sanq)le  squiration.  This  system 
allows  inrage  acquisition  without  an  external  applied  bias  voltage,  and  may  be  suitable  for  the 
study  of  insulators.  In  order  to  study  adsorbiuestt  the  STM  internee,  Grafnioemetal.  irradiate 
the  tunneling  gap  with  two  laser  beams,  one  resonant  with  die  adsmbate,  aiul  sujqiress  the 
thermal  contribution  to  the  tunneling  current  by  modulating  die  aoqilitude  of  both  bea^  with  a 
ISCK’  phase  shift  {B2I).  With  this  system,  sn^  changes  in  the  tunneling  current  induced  by 
resonant  optical  excitation  of  die  adsoriiate  can  be  detected. 

Several  authors  have  described  photon  scanning  tunneling  microsctqies  (PSTM),  in 
which  the  tunneling  ai  photons  fiom  an  evanescrat  wave  originating  at  the  substrate  to  a  oi^cal 
fiber  tip  is  monitored  (B22,  B23,  B24,  B25,  B26).  Jiang  et  al.  have  cmistructed  a  high- 
resolution  PSTM  (80  nm  resolution)  employing  an  AlGaAs  diode  laser  (B27).  PSTM  can  be 
(floated  to  measure  photon  mectra,  isochronuu  t^tra,  angular  photon  distribution,  and  to  map 
local  photon  intensities.  Pnotoassisted  scanning  tunneling  qiectroscopy  (STS),  based  on 
illuminating  a  semiconductor  substrate  while  imaging,  has  been  used  to  sn^y  WSe2  iB28), 
Si(l  1 1)  andSUOOl)  (B29),  n-type  InP(100),  p-type  OaAs(lOO)  (BiO),  CulnSe2  (fi3I),  AlxGai. 
xAs  heterostructures  (Bi2),  and  InAsxPi-x/InP  quantum  well  structures  {B33). 

A  comparison  of  several  low-temperature  STMs  operating  in  Ik^d  helium  has  been 
reported  {B34).  Giessible  et  aL  have  constructed  a  UHV  combined  AFM^TM  operating  at  4.2 
K  {B35)  and  Ctdien  and  Wedf  have  designed  a  micro-wave  coupled  cryogenic  STM  {B36). 
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Variable  ten^)crature  STM's  (,B37)  have  been  developed  for  investigating  the  substrate  structure 
and  electronic  propenies  of  superconductors  (e.g.,  Pb  films  {B38)),  organic  conductors  (e.g., 
TTF-TCNQ  {B39)),  and  layered  transition  metal  dchalcogenides  (e.g.,  lT-TaS2  (B40)). 

Moeller  et  al.  have  used  the  thermal  noise  within  the  tunnel  junction  to  operate  an  STM  at 
zero  bias  between  the  sample  and  tip,  thus  allowing  small  differences  in  the  potential  (with  a 

resolution  of  1  )JiV)  at  various  points  on  a  polycrystalline  Ag  sample  to  be  detected  (B41).  STM 
systems  with  potentiostadc/galvanostatic  control  of  the  sample  and  potentiostatic  control  of  the 
STM  tip  have  been  reported  (B42).  (See  also  Section  F).  Yuan  et  al.  have  ^posed  a  new 
method  for  imaging  non-conductive  samples,  such  as  biological  complexes,  which  relies  on  the 
surface  condensation  of  water  molecules  to  provide  a  path  for  the  electrical  current  (which  is 
carried  by  ions  rather  than  electrons)  (B43). 

New  advances  in  AFM  instrumentation  include  a  high  speed  AFM  (B44),  a  rocking  beam 
electrostatic  balance  for  measuring  small  forces  (B45),  an  interferometer  to  measure  the  cantilever 
deflection  (B46),  high  precision  positioning  stages  and  an  X-Y  scanner  whose  displacement  is 
controlled  by  a  two^mensional  optical  interferometer  (B47)  or  by  a  two-dimensional  optical 
beam  displacement  sensor  (B48). 

Techniques  for  measuring  the  surface  photovoltage  on  semiconducting  sanqiles  using 
attractive-mode  AFM  have  been  reported  (B49,  B50).  The  AFM  potentiometer  allows 
measurements  to  be  made  in  air  with  a  spati^  resolution  of  a  few  tens  of  nm  and  a  voltage 
resolution  of  less  than  1  mV.  Denk  and  I^hl  have  used  the  AFM  to  image  the  local  electrical 
dissipation  between  the  AFM  probe  and  a  layered  GaAs/AlGaAs  substrate  by  noonitoring  the 
mechaTilcal  Q  during  scanning  (BSl).  Barrett  and  (^uate  luive  developed  a  scanning  capacitance 
microscope  based  on  the  AI^  which  can  simulteneously  monitor  the  capacitance  between  a 
conducting  tip  and  substrate  and  the  rilm  topognqihy  as  a  nmetion  of  lateral  position  (BS2).  TIte 
AFM  employed  in  the  cqiacitive  force  sensing  mode  can  be  used  to  nuq>  the  dopant  {ffofile  in 
semiconductors.  Limits  in  die  sensitivity  and  resolutimi  of  the  method  ate  describe  by  Abraham 
et  al.  (BS3). 

The  probe  tip  remains  a  major  concern  in  STM,  tunneling  spectrosc^y  and  AFM 
measurements.  Characterization  oi  the  atomic  arrangement  and  chemical  composttion  of  atoms  at 
the  tip  renuins  important  in  understanding  how  diese  parameters  affect  images  and  qitectroscopic 
data.  A  combination  of  the  atom  probe  and  field  emission  electron  energy  spectrometer  have 
been  used  to  characterize  the  atomic  configuration  of  the  tip  apex  (B54).  X-ray  phoioelectron 
and  Auger  election  qiectioscopies  have  been  used  to  identify  the  primary  surface  contaminants 
on  elec^hemically  etched  tungsten  STM  tips  as  CO,  gnqihite,  WC,  and  tungsten  oxide  (B55). 

Several  unusual  STM  tips  have  been  describe  during  the  past  year.  The  tunneling 
characteristics  and  morphology  of  Mo  tips  coated  by  adsorbed  Si  atoms  (B5(3)  was  report^ 
Venkateswaian  et  al.  have  reported  staircase-shaped  I-V  tunneling  curves  in  a  oxidized  Si  ti^ 
gnqihite  substrate  junction,  renting  from  a  coulomb  blockade  effect  in  the  oxide  la^of  the  Si 
tip  (B57).  Ikebe  et  al.  have  discuss  the  interpretation  of  images  of  graphite  when  using  a  comer 
of  a  ReOs  single  crystal  as  die  tunneling  tqi  in  STM  (B58f). 

application  of  microinachitied  Si  fmee  senses  in  AFM  have  been  discussed  (859), 
as  well  as  etching  techniques  for  mass  producing  Si  sensors  (B60).  Hellemans  et  al.  imaged 
diamond  tips  and  metallic  tm  in  a  tqi-to-tip  ctuifiguiation  in  the  AFM  and  discuss  the  roles  ttf  the 
tip  and  sanqple  on  the  rerolmg  images  (B6/).  I^exler  has  proposed  a  class  oi  AFM-like  dt^oes 
that  would  aUdw  imwng  of  &  same  sample  area  with  an  array  of  molecular  t^  of  atoimcally 
defined  structure  (MfA)  (M2).  MTA's  could  have  various  chemical  bitiding  sites  which  would 
enable  load  nanofabrication  by  qiecific  chemical  interactions  widi  die  surfitee. 
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C.  THEORY 

Ehie  to  the  relative  novelty  of  STM  and  AFM  as  surface  analytical  tools,  the  vast  majority 
of  experimental  reports  consider,  albeit  at  a  qualitative  level,  fundamental  issues  related  to 
producing  image  contrast.  In  both  STM  and  AFM,  the  interaction  of  the  probe  tip  with  the 
surface  are  of  paramount  importance  in  image  interpretation  and  in  surface  nuxtifications  and 
damage  (see  alw  Section  E).  The  recent  literature  cit^  below  reflects  these  concerns.  (Questions 
continue  to  arise  concerning  the  ability  to  obtain  high  resolution  images  under  conations  where 
strong  physical  and  chemical  forces  may  alter  the  tip  aixl/or  substrate  structure. 

Theoretical  studies  focused  on  relating  the  surface  electronic  charge  distribution  to  the 
contrast  observed  in  STM  images  continued  ^m  the  1980's;  a  larger  percentage  of  this  effon, 
however,  is  now  focused  on  materials  (solids  and  adsorbates)  other  than  pyrolytic  graphite, 
which  dontinated  the  attention  of  theorists  for  the  past  five  years.  Representative  articles  from 
this  field  are  cited  in  the  following  discussion. 

The  STM  tip  has  been  modelled  as  a  polyatomic  crystalline  surface  where  the  total 
tunneling  current  is  the  sum  of  the  currents  from  all  tip  atoms  to  each  substrate  atom  {Cl).  This 
model  can  account  for  supeiperiodic  structures  frequently  observed  in  STM  images.  Using  a 
first  principles  local  density  approximation  method  with  the  tunneling  Hamiltonian  formalism, 
the  arrangement  of  atoms  (e.g.,  W,  Pt,  C/W,  and  TiC  clusters)  at  the  tip  ^x'has  been  shown  to 
have  a  larger  effect  on  the  Sl^  image  than  the  chemical  composition  of  tlw  tip  (C2).  Tsukada  et 
al.  have  also  modelled  the  differences  observed  in  STM  images  and  STC  curves  for  clusters 
(e.g.,  WiofllO],  Wi3[110],  WufllO],  and  PtioCHl])  with  different  geometries  (Ci). 

Landman  and  Luedtke  have  extensively  studied  the  mechanics  and  dynamics  of  the  tip- 
substrate  interactions  in  STM  and  AFM  {C4).  Using  large-scale  molecular  dynanucs 
calculations,  they  simulated  atomic  scale  events  occurring  during  approach  of.a  Au(001)  tip  to  a 
Ni(OOl)  substrate,  the  subsequent  jump  to  point  contact,  and  retraction  of  the  tip  tom  the 
substrate.  Chen  and  Hamers  have  calculated  the  parent  barrier  height,  including  tip-sample 
forces,  in  STM  measurements  and  found  agreement  between  calcula^  and  experimental  data 
(C5). 

The  role  of  the  image  potential  in  the  absence  and  presence  of  surface  states,  has  been 
discussed  by  several  authors  {C6,  C7).  Metiiods  have  l^n  discussed  for  determining  the 
effective  surface  ptMntial,  based  on  measuring  the  differential  conductance  or  on  measuring  the 
apparent  barrier  height  at  various  tip-sample  separaticms  (C8).  The  effects  of  quantum  states 
induced  by  the  geome^  of  the  tunneling  barrier  at  small  tip-to-sample  distances  has  also  been 
discussed(C9).  Garcia  has  shown  that  negative  resistance  characteristics  for  a  tip-vacuum- 
Ni(lOO)  junction  can  occur  due  to  the  presence  of  localized  surface  barrier  states  (CIO).  Denk 
and  Pohl  have  solved  Laplace's  equation  for  a  metallic  or  dielectric  tip-to-sample  geometry  and 
discuss  the  importance  of  electromagnetic  fields  and  plasmons  in  inelastic  tunneling  and  light 
emission  during  tunneling  (C7/). 

Sass  and  Gimzewski  have  qualitatively  discussed  the  applicability  of  the  STM  fcH’ 
snidying  electron  transfer  in  solution  at  the  metal-electrolyte  int^ace  and  the  role  of  solvent 
dynaimcs  in  die  electron  exchange  process  (CI2). 

Ab  initio  quantum  mechuiical  calculations  have  been  used  to  inteqaet  die  contrast  in  STM 
images  of  M0S2  and  MoTe2  (CIJ).  A  two-band  Peierls-Hubbard  model  was  used  to  study  the 
sup^attice  phasM  in  halogen-bridged  mixed-valence  transition  metal  linear  MX  chain  complexes 
(CI4).  Using  the  Landauer  formula  for  the  tunneling  current,  good  agreement  between 
calculated  and  experimental  STM  images  for  benzene  on  Rh(l  1 1)  has  bera  obtained(C75). 
Joachim  also  have  discussed  the  conductamre  of  a  single  molecule  in  terms  of  duough-bond 
ninneling  and  through-space  tunneling  (CI6).  The  influence  of  small  molecules  such  as  water, 
ammonia,  and  meduuie  on  the  energy  ^  the  highest-occupied  electronic  states  of  benzme,  which 
are  involved  in  tunneling  mechanim,  has  also  been  conadered  (C77). 

Theoretical  calculations  of  the  (V3xV3)Ag/Si(lll)  structure  based  on  a  honeycomb 
chained  trimer  model  have  been  present^  and  compared  to  STM  images  (CI8,  CI9).  IGuiotis 
and  Lagally  have  modeled  various  terrace-edge  properties  such  as  the  d^bution  of  Idnk  lengths 
and  edge  msplacements  on  vicinal  surfaces  (C20).  Molecular  dynaittics  calculations  were  used 
to  noodel  the  reconstruction  of  the  Si(001)  surface  and  determine  the  relative  stabilities  of  the 
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c(2x2)  and  (2x1)  dimers  (C2/).  Self-consistent  quantum  chemistry  cluster  calculations  were 
used  to  determine  the  effects  of  bias  and  surface  defects  on  the  appearance  of  the  dimers  in  an 
STM  image  (C22).  Tanaka  and  Tsukada  have  used  Green's  function  method  to  obtain  the  local 
DOS  in  a  superconductor-semiconductor-superconductor  junction  and  have  compared  their 
results  to  experimental  data  (C2i). 

Inte^retation  of  AFM  images  requires  careful  consideration  of  the  surface  forces 
(dispersion,  electrostatic,  etc.)  between  the  tip  and  substrate.  A  general  theory  for  AFM  tip 
interactions  in  the  contact  force  regime  which  relies  on  taking  force  derivatives  along  the  surface 
to  enhance  the  images  has  been  described  {C24).  Girard  and  Bouju  have  used  a  self-consistent 
formalism  to  determine  the  dispersion  equation  of  the  coupled  electromagnetic  modes  between  a 
rough  surface  and  dielectric  tip  and  relate  these  results  to  AFM  imaging  (C25).  Van  der  Waals 
interactitm  forces  between  a  metallic  tip  and  non-planar  dielectric  have  bwn  modelled  and  related 
to  the  AFM  operating  in  the  attractive  mode  (C26,  C27).  Various  approximations  used  to  relate 
the  previously  found  dispersion  relations  to  simpler  models  (i.e.,  continuum  description, 
pairwise  summation  models,  etc.)  have  also  been  proposed  iC28).  Hartman  has  model^  the 
van  der  Waals  forces  between  the  tip  and  sample  in  AFM,  based  on  macroscopic  quantum  field 
theory,  and  show  that  the  VDW  forces  reflect  the  surface  dielectric  properties  In  addition,  the 
presence  of  highly  polar  liquids  in  the  gap  has  been  shown  to  reduce  the  VDW  forces,  reducing 
the  tendency  for  ^  tip  to  jump  to  contact  with  the  substrate. 

Ducker  et  al.  used  the  AFM  to  measure  the  force  between  a  silica  sphere  attached  to  an 
AFM  cantilever  tip  and  a  flat  planar  surface  of  NaCl  and  demonstrate  that  the  forces  are 
consistent  with  the  double-layer  theory  of  colloidal  forces  except  at  very  short  distances  (C29). 
Krantzman  et  al.  have  compart  calculated  constant-fence  mode  AFM  ima^s  of  the  two  cleavage 
planes  of  the  (100)  surface  of  D,/-leucine  and  And  that  they  are  virtually  indistinguishable  if  the 
tip  is  modeled  as  a  cluster  (CiO).  In  contrast,  a  distinction  between  the  two  surface  planes  may 
be  made  if  one  monitors  the  variation  in  topography  as  a  function  of  fence  in  different  scans.  Ab 
initio  total-energy  calculations  of  interaction  potential  between  graphite  and  Pd  have  been 
reported  (CJi).  Ine  atomic  scale  modulation  d  the  friction  force  and  the  stick-slip  trx>tion  at  the 
interface  of  the  Pd/graphite  system  in  an  friction  force  microscope  is  discussed  (Cj2)  and  used  to 
model  the  effects  of  long-range  VDW  forces  on  the  tip-substrate  interaction  (C33).  Forcada  et 
al.  have  also  employed  a  theoretical  model  of  tip-substrate  interactions  in  AFM  \o  discuss 
discrepancies  between  the  thickness  of  lubricant  films  as  measured  by  AFM  and  ellipsometry 
(C34). 

(Cl)  Womelsdwf,  J.F.;  Sawamura,  M.;  Ermlcr,  W.C.  Surf.  Sci.  1991, 241,  LI  1-5. 

(C2)  Isshiki,  N.;  Kobayashi,  K.;  Tsukada,  M.  /.  Vac.  Sci.  Technol.  B 1991, 9,  475-8. 
(C3)  Tsukada,  M.;  Kobayashi,  K.;  Isshiki,  N.  Surf.  Sci.  1991, 242,  12-7. 

(C4)  Landman,  U.;  Luedtke,  W.D.  J.  Vac.  Sci.  Technol.  B  1991, 9),  414-23. 

(C5)  Chen,  C.J.;  Hamers,  R.J.  J.  Vac.  Sci.  Technol.  B  1991, 9,  503-5. 

(C6)  Huang,  Z.H.;  Weimer,  M.;  AUen,  R.E.  /.  Vac.  Sci.  Technol.  B  1991, 9,  2399-404. 
(C7)  Echenique,  P.M.;  Uranga,  M.E.  Surf.  Sci.  1991, 247,  125-32. 

(C8)  Gaicia-Gaicia,  R.;  Jose  Saenz,  J.  Surf.  Sci.  1991, 251-252,  223-7. 

(C9)  Garcia-Gaicia,  R.;  Garcia,  N.  Surf.  Sci.  1991, 251-252,  408-12. 

(CIO)  Garcia,  R.  J.  Vac.  Sci.  Technol.  B  1991, 9,  500-2. 

(Cl  1)  Denk,  W.;  Pohl,  D.W.  J.  Vac.  Sci.  Technol.  B  1991, 9,  510-3. 

(Cl 2)  Sass,  J.K.;  Gimzewski,  J.K,  J.  Electroanal.  Chem.  Interfacial  Electrochem.  1991, 

308,  333-7. 

(Cl 3)  Coley,  T.R.;  Goddard,  W.A.  HI;  Baldcschwielcr,  J.D.  J.  Vac.  Sci.  Technol.  B 1991, 
9,  470-4. 

(C14)  Batistic,  I.;  Gammel,  J.T.;  Bishop,  A.R.  Synth.  Met.  1991, 42,  2727-32. 

(C15)  Sautet,  P.;  Joachim,  C.  Chem.  Phys.  Lett.  1991, 185,  23-30. 

(C16)  Joachim,  C.  New  J.  Chem.  1991, 15,  223-9. 


8 


(C17)  Lazzaroni,  R.;  Calderone,  A.;  Lambin,  G.;  Rabe,  J.P.;  Bredas,  J.L.  Synth.  Met. 
1991,47,  525-8. 

(C18)  Ding,  Y.G.;  Chan,  C.T.;  Ho,  K.M.  Phys.  Rev.  Lett.  1991, 67,  1454-7. 

(C19)  Watanabe,  S.;  Aono,  M.;  Tsukada,  M.  Phys.  Rev.  B  1991, 44,  8330-3. 

(C20)  Kariotis,  R.;  Ugally,  M.G.  Surf.  Set.  1991, 248,  295-305. 

(C21)  Holender,  J.M.;  Jednejek,  C.  Acta.  Phys.  Pol.  A  1991,  79,  1 17-20. 

(C22)  Badziag,  P.;  Verwoerd,  W.S.;  Van  Hove,  M.A.  Phys.  Rev.  B  1991, 43,  2058-62. 
(C23)  Tanaka,  Y.;  Tsukada,  M.  Solid  State  Common.  1991, 77,  593-6. 

(C24)  Howells,  S.;  Chen,  T.;  Gallagher,  M.;  Yi,  L.;  Saiid,  D.  J.  Appl.  Phys.  1991, 69, 
7330-2. 

(C25)  Girard,  C.;  Bouju,  X.  J.  Chem.  Phys.  1991,  95,  2056-64. 

(C26)  Maghezzi,  S.;  Girard,  C.;  Van  Labeke,  D.  J.  Phys.  / 1991, 1,  289-307. 

(C27)  Hartmann,  U.  J.  Vac.  Sci.  Technol.  B  1991, 9,  465-9. 

(C28)  Girard,  C.;  Maghezzi,  S.  Surf.  Sci.  1991,  255,  L571-8. 

(C29)  Ducker,  W.A.;  Senden,  T.J.;  Pashley,  R.M.  Nautre  (London)  1991, 353,  239-41. 
(C30)  Krantzman,  K.D.;  Rees,  D.C.;  Farrelly,  D.  J.  Phys.  Chem.  1991, 95,  9039-42. 
(C31)  Tomanek,  D.;  Zhong,  W.  Phys.  Rev.  B  1991, 43,  12623-5. 

(C32)  Tomanek,  D.;  Zhong,  W.;  Thomas,  H.  Europhys.  Lett.  1991, 15,  887-92. 

(C33)  Zhong,  W.;  Ovemey,  G.;  Tomanek,  D.  Euophys.  Lett.  1991,  75,  49-54. 

(C34)  Forcada,  M.L.;  Jakas,  M.M.;  Gras-Marti,  A.  J.  Chem.  Phys.  1991, 95,  706-8. 


9 


D.  INTERFACIAL  STUDIES 


D.l.  Metal  Surfaces  and  Clusters 

STM  is  well  suited  for  investigating  the  nucleation  and  growth  of  metal  films  on 
atomically  flat  metal  and  semiconductor  substrates.  A  significant  fraction  of  articles  published 
during  the  last  year  focus  on  this  area,  with  particular  attention  given  to  ultra-high  vacuum 
studies  of  well-defined  substrates.  Metal  deposition  on  insulating  substrates,  such  as  polymer 
films,  can  be  investigated  using  AFM,  but  has  not  been  as  extensively  researched.  The  large 
body  of  literature  describing  STM  and  AFM  investigations  of  metal  films  and  clusters  prohibits 
an  extensive  survey  of  the  literature  in  this  field;  the  following  sections  are  intended  to  indicate 
current  research  activities  and  to  demonstrate  the  capabilities  of  scannol-probed  methods.  The 
literature  is  organized  by  the  nature  of  the  substrate  (i.e.,  metals,  semiconductors,  insulators, 
etc.).  Specialized  and  related  research  areas,  including  surface  reconstructions  and  ion- 
implanted  surfaces,  are  reviewed  below  in  separate  sections. 

Metal  Substrates.  Au  single  crystals  are  often  chosen  as  a  substrate  for  nucleation  and  growth 
studies  due  to  the  choice  of  several  preparations  that  yield  clean,  atomically  flat  surfaces. 
Chambliss  et  al.  studied  the  inhomogeneous  aggregation  and  growth  of  Ag  in  the  monolayer 
regime  on  Au(lll)  (DI).  This  same  group  found  that  Ni  deposited  on  Au(lll)  nucleated  in 
ordered  islands  commensurate  with  the  V3  x  22  reconstruction  (02,  D3).  In  other  studies,  the 
deposition  of  submonolayer  coverages  of  Fe  on  Au(lll)  yielded  polygonal  islands  (fee 
structure);  however,  at  three  monolayers,  a  transition  to  the  bcc  structure  occurs  (D4).  The 
electrocrystallization  of  Cu  on  Au(lll)  was  found  to  preferentially  nucleate  at  defect  sites  and 
step  edges  (D5).  Magnussen  et  al.  investigated  electrocrystallization  of  Cu  on  Au(lll)  and 
Au(l(X))  and  observed  quasi-hexagonal  and  hexagonal  adlayer  lattices  (06). 

Poetschke  et  al.  have  stuctied  that  the  interfacial  strain  between  (ju  and  Ru(OOOl)  using 
STM.  A  structural  transformation  from  the  more  tightly  bound  first  Cu  layer  to  a  unidirection^ 
contracted  second  Cu  layer  was  observed  (07).  Poetschke  et  al.  also  studied  the  deposition  of 
Cu  and  Au  films  on  Ru(OOOl)  and  found  that  differences  existed  in  the  two-dimensional  growth 
of  the  metals  (08).  Brodde  et  al.  have  also  observed  structural  transformations  during  Ag 
deposition  on  Ni(lOO). 

Pyrolytic  Graphite.  Metallic  clusters  have  been  studied  extensively  on  highly  oriented 
pyrolytic  gr^hite  (HOPG),  which  serves  as  a  model  substrate,  having  bwn  well  characterized 
by  STM  during  the  past  decade.  Schleicher  et  al.  observed  ~10  nm  diameter  Ag  and  C  particles 
on  HOPG  and  found  that  the  partcle  surface  concoitration  and  shape  differed  fr^  that  expected 
based  on  TEM  studies  (09).  Tip-particle  and/or  particle-sinface  interactions  were  propped  to 
be  the  source  of  the  observed  discrepancies.  The  initial  stages  of  Au  film  formation  on  HOPG 
was  reported  to  occur  by  coalescence  of  microclusters,  ~2-S  nm  in  diameter,  into  larger  idands 
(OlO).  The  preparation  of  ~S  nm  Au  particles  on  HOPG  has  also  been  discuss^  (Oil). 
Womelsdorf  et  al.  studied  the  effect  of  different  aggregating  agents  on  the  deposition  of  Au 
collodial  suspensions  on  HOPG  and  found  that  ionic  sdts  dqrosited  with  the  gold  formed  an 
ordered  hexagoiuU  lattice  (012).  Becker  et  al.  found  that  Aus5  clusters  depoat^  on  HOPG  are 
stabilized  by  chemical  bonding  of  phosphine  to  the  Au  surface  (013).  Au  and  Pd  clusters 
deposited  on  HC^G  and  Au  were  studied  by  Van  de  Leemput  et  al.  (P14)  who  imaged  liquid- 
stabilized  Auss(PPh3)i2Ci6  and  Pd56i(phen)3g±20-  Images  of  the  clusters  obtained  with  a 
cluster  attached  to  the  tip  are  also  interimted  in  terms  of  the  tunnel  distance.  On  a  larger  scale. 
Strong  et  al.  studied  Au  thermally  evaporated  on  HOPG  and  found  the  islands  were 
approxirruttely  triangular-  or  diamond-shap^  and  comprised  of  stacked  layers  of  (1 1 1)  planes 
(D15). 

Kojima  et  al.  reported  on  the  deposition  of  4  nm  Pd  clusters  on  1K>PG  which  coalesced 
and  grew  epitaxially  along  the  (1 1 1)  dir^on  (016).  Siperko  studied  a  IM-Sn  catalyst  adscxbed 
on  the  basal  plane  of  HOPG  ai^  found  that  the  cat^yst  paries  frirmed  a  ordered  array  (017). 
Subsequent  electroless  Cu  dqxisition  over  the  catalyst  particles  resulted  in  a  uniform  coating  of 
Cu.  Kennedy  et  al.,  using  STM  and  AFM,  investigated  the  nucleation  and  growth  of  a  Pd 
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colloid,  followed  by  deposition  of  electroless  Cu,  on  HOPG  for  optimizing  the  procedures  used 
in  manufacturing  multilayer  circuit  boards  (DI8). 

Yeung  and  Wolf  studied  Pt  catalysts  prepared  by  impregnation  and  ion  exchange  of  the 
precursor  salt  solutions  on  HOPG  (D19).  The  annealing  of  Pt  thin  films  deposited  on  HOPG 
was  investigated  as  a  function  of  temperature  (D20).  Electronic  surface  perturbations  of  the 
HOPG  lattice  near  Pt  particles  have  been  attributed  to  periodic  charge  density  nKxlulations  (D2I, 
D22). 

Semiconductor  Substrates.  The  atomic  structure  of  semiconducttx/metal  interfaces  dominates  the 
electrical  properties  of  many  microelectronic  devices.  Scanned  probe  methods  are  capable  of 
resolving  ^e  atomic  surface  position  of  metal  adatoms  during  the  first  stages  of  metal  deposition, 
thus,  providing  a  means  of  (Staining  detailed  experimental  correlations  between  structural  and 
electronic  propenies.  As  expected,  investigations  of  metal  deposition  on  Ge,  Si,  and  GaAs 
dominated  the  research  activities  in  this  area. 

Bremer  et  al.,  using  AFM,  showed  that  vapor  deposition  of  Cu  on  Ge  substrates  formed 
thin  films  by  coalescence  of  small  atomic  aggregates  of  Cu  atmns  (D23).  They  also  investigated 
the  morphology  and  oxidation  state  of  the  film  after  exposure  to  ethylene  oxide.  Leibsle  et  al. 
found  that  Sb  films  exhibit  different  morphologies  when  deposited  on  Ge(l  10)  depending  on  the 
temperature  during  deposition  (024).  Krausch  et  al.  studied  In  films  oa  Ge(lOO)  at  room 
temperature  and  found  that,  even  in  the  submonolayer  range.  In  island  growth  occurs  in  three 
dimensions  and  the  films  are  rough  up  to  several  hundred  monolayers  (D25). 

Yang  et  al.  have  studied  the  interface  between  ^ermally  evaporated  Ti  on 
GaAs(llO)  (D26).  These  same  authors  have  also  examined  Ag  nucleation  and  growth  on 
GaAs(l  10)  at  300  K  and  have  found  Ag  atoms  nucleate  with  no  preferential  orientation  on  the 
substrate,  and  grow  into  clusters  of  ~2S0  atoms  (D27).  Continued  deposition  results  in  the 
growth  and  coalescence  of  the  clusters,  with  preferential  orientation  occurring  at  ~S  monolayers. 
Trafas  et  al.  have  studied  the  nucleation  and  growth  of  Cr  overlayers  on  GaAs(llO).  Their 
studies  indicated  that  the  initial  Cr  adatom  surface  mobility  is  high  due  to  weak  chemisorption  to 
the  GaAs  substrate  and  that  adatoms  show  a  preferential  clustering  in  the  [21 1]  direction  (D28). 
Disorder  in  the  clusters  was  attributed  to  intermixing  of  the  Cr  wiS  Ga  and  As  atoms.  leaner  et 
al.  have  compared  the  morphological  difference  between  Au  vapor-deposited  on  n-GaAs  and  an 
autoactivated  electroless  Au  film  on  the  same  n-GaAs  sample  (029),  Clustering  of  Al  atoms 
deposited  on  p-GaAs(l  10),  with  preferential  nucleation  of  Al  over  the  Ga  sites,  has  also  been 
investigated  (D30).  The  morphology  of  epitaxial  fee  Co/Pd(lll)  superlattices  grown  on 
GaAs(l  10)  was  reported  by  England  et  al.  (031). 

Bauher  has  used  various  techniques,  including  STM,  to  develop  a  structural  model  for 
the  (Sxl)  phase  observed  in  the  Au/Si(lll)  system  at  low  coverages  (032).  Hasegawa  et  al. 
have  stuped  the  initial  stages  of  Au  growth  on  Si(l  1 1)  and  found  that,  at  low  coverages,  the  Au- 
adsorbed  5x2  structure  does  not  interfere  with  the  Si  7x7  structure  (033).  However,  the  Si 
substrate  begins  to  show  the  5x2  structure  with  increasing  Au  coverage.  Similarly  for  low 
coverages  of  Pb  on  Si(l  1 1)  7x7,  the  Pb  atoms  occupy  sites  above  and  between  die  Si  adatoms 
leaving  the  7x7  structure  intact  An  unusual  V3xV3  phase  having  a  Si:Pb  ratio  of  1:1,  appeared 
during  annealing  (034).  Nogami  et  al.  investigated  Al  films  deposited  on  Si,  and  showed  that 
Al  forms  rows  of  adsortied  dimers  which  are  perpendicular  to  the  Si  dimer  rows  of  the  Si(lOO) 
surface  (033).  As  the  coverage  of  Al  is  increased,  local  2x3  and  2x2  phases  develqi,  which 
then  evolve  into  a  2x2  array  of  dimers  at  ~0.5  monolayer.  At  larger  surface  coverages,  Al 
clusters  grow  on  the  2x2  surface.  Sahara  et  al.  studied  the  growth  of  Al  films  photodeposited 
on  Si  wafers  from  dimethylaluminum  hydride  (DMAH).  Their  studies  indicated  that  the 
morphology  of  the  Al  islands  is  independent  of  illumination,  ruling  out  photo-induced  migration 
of  the  Al  adatoms  (036, 037).  Hashizume  et  al.  have  studied  the  adsorptiem  of  alkali-metd  ions, 
including  Li,  K,  and  Cs,  on  Si(l  1 1)  and  SiOOO)  by  means  of  field-ion  STM  and  find  that  the 
alkali-metal  atoms  are  alnxist  completely  ionized  on  the  Si(l  11)7x7  surface;  a  situdl  charge 
transfer  occurs  on  the  Si(  100)2x1  surface  (038,  039,  040,  041).  An  extensive  set  of  total- 
energy  and  force  calculations  have  been  used  to  model  the  interaction  of  alkali  metals  on 
Si(00 1)2x1  at  different  surface  coverages  (042). 
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Elswijk  et  al.  have  reported  investigations  of  Sb  deposits  on  Si  and  observed  that,  at  low 
Sb  coverages,  the  adatoms  substitute  for  Si  in  the  7x7  reconstruction  of  Si(l  1 1)  {D43).  At  ~l/3 

monolayers,  the  distorted  7x7  structure  as  well  as  a  V3xV3-R30o  reconstruction  was  observed 

while  at  full  monolayer  coverage,  a  1x1,  2x1,  and  a  second  V3xV3  reconstruction  were 
observed.  The  electronic  state  density  of  clean  Si  7x7  was  compared  to  these  Sb  adlattices. 
Nogami  et  al.  found  that  the  surface  was  terminated  in  a  symn^tric  Sb  dimer  structure  and  the 
Sb  grows  as  additional  layers  of  dimers  rather  than  substituting  for  the  topmost  layer  of  Si 
dimers  (044).  An  Sb  dimer  structure  was  also  found  on  the  Si(001>2xl  surface  (045,  046). 
Baski  et  al.  have  also  smdied  the  evolution  of  In-induced  reconstructions  on  Si(  100)2x1  as  a 
function  of  temperature  and  In  surface  coverage  (047, 048). 

Other  metal  deposits  on  semiconductors  studied  by  STM  include  Cs  on  InSb(l  10)  (049) 
and  GaAsd  10)  (050),  Mg  on  GaAs(l  10)  (051),  Sm  on  GaAs(l  10)  (052),  S  on  GaAs  (053) 
and  Au  on  GaAs(l  10)  (054). 

Insulating  Substrates.  Metal  deposition  on  mica  has  been  reported  by  numerous  research  groups 
(055).  Rabe  and  Buchholz  observed  that  surface  modification  of  Ag(l  1 1)  films  epitaxially 
grown  on  mica  was  caused  by  field  evaporation  of  the  sample  or  tip  material  and  not  by  current 
effects  (056).  Colchero  et  al.  used  AFM  to  study  Pd  clusters  evaporated  on  mica  in  UHV(D57). 
The  authors  found  that  the  truncated  trigonal  shape  of  the  clusters  had  a  diameter  to  height  ratio 
of  ~10,  agreeing  with  TEM  measurements.  Buchholz  et  al.  compared  Au,  and  Cr  Hlms 
evaporated  on  mica  at  various  substrate  temperatures  and  found  that  epitaxially  grown  Ag(l  1 1) 
films  evaporated  at  275**  C  exhibit  the  largest  and  flattest  terraces  (058).  D.c.  sputtering,  ion 
beam  deposition,  and  thermal  deposition  of  various  metallic  films  have  been  compared  using 
STM  (059). 

Dawson  et  al.  studied  the  surface  roughness  of  Ag  films  deposited  on  glass  and  CaF2  and 
compared  these  results  to  those  obtained  from  surface-enhanced  Raman  (SERS)  (060).  They 
suggest  that  the  small  SERS  signals  obtained  on  fast-deposited  Ag  Elms  are  the  result  of  the 
snM  ^n  size,  leading  to  an  increase  in  the  elastic  scattering  of  si^ace^plasmon  polaritons  at 
the  g^  boundaries  and  subsequently  to  a  decrease  of  the  SERS  signal  Yamada  et  al  prqrared 
atomically  flat  Au  films  deposited  on  polyimide  and  Si02  using  an  ionized  cluster  boun,  and 
observed  a  correlation  of  the  Elm  surface  roughness  with  acceleration  voltages  (061).  Similar 
studies  of  Au  films  deposited  on  silica  by  evtqroration  and  ion-assisted  deposition  were  reported 
(062).  Using  AFM,  Erlandson  et  al.  studied  Pd  Elms  evaporated  onro  Si^  as  a  function  of 
exposure  to  hydrogen  and  oxygen. 


Surface  Reconstructions.  The  reconstruction  of  single  crystal  metal  surfaces  on  exposure  to 
various  adsOTbates,  in  particular  oxygen,  has  been  smdied  extensively  by  STM.  Using  AFM, 

Weisenhom  et  al.  imaged  the  (V3xV3)  R  30**  structure  of  Bi(lll)in  air  (D63).  Using  STM, 
Meyer  et  al.  found  that  the  W(001)  surface  formed  a  2-<lomain  (2x1)  structure  after  the  oxygen 
covered  surface  was  aiuiealed  at  >1000°  (064).  They  also  conEimed  the  missing-tow  model  for 
the  (2x1)  structure  and  showed  the  prefei^  location  for  the  O  atom  was  either  over  a  three-fold 
hollow  site  or  over  a  W  atom  in  the  second  layer. 

K(q)atzki  and  Behm  discuss  image  contrast  mechanisms  for  features  observed  on  oxygen 
coveted  Ni(lOO)  surfaces  (065),  Haase  et  al.  investigated  the  missing-row  reconstruction  of  the 
(1 10)  terraces  of  Ni(771)  when  exposed  to  oxygen  (D(k5).  Baeumer  et  al.  showed  that  Ni(lOO) 
exposed  to  Oi  forms  a  4-S  layer  thick  Elm  of  NiCXlOO)  comprised  of  50  A  crystallites  (067).  A 
large  mismatch  in  the  lattice  constants  of  Ni  and  NiO  causes  strain  between  ^  metal  and  oxide 
layer  and  leads  to  defect  sites  between  the  NK)  islands. 

Besenbacher  et  al.  studied  various  metal  and  semiconductor  surfaces,  including  Cu, 
using  STM  and  found  similarities  in  the  Enal  oxygen-induced  reconstructions  of  diese  matnials; 
however,  the  growth  modes  were  different  (D68).  Kern  et  al.  smdied  the  Cu{  110}x(2xl)O 
surface  and  found  that  anisotropic  Cu-0  island  are  arranged  into  periodic  strips  tdong  the  (001) 
direction  (D69).  The  width  between  the  strips  was  dependent  on  the  oxygen  coverage  and 
temperature.  Wintterlin  et  al.  studied  the  diffusion  of  Cu  and  O  amms  in  the  reconstruction  of 
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Cu(llO)  and  found  that  the  rate  limiting  step  in  the  transformation  of  the  (Ixl)  to  (2x1) 
reconstruction  was  the  diffusion  of  Cu  atoms  ^m  stepped  regions  (D70).  In  addition,  it  was 
observed  that  linear  Cu-O-Cu  strings  stabilize  the  growth  of  the  (2x1)  islands.  Similarity,  when 
Ag(l  10)  is  exposed  to  oxygen,  one-dimensional  linear  Ag-OAg  chains  were  observed  (D7/). 

Niehus  et  al.  studi^  the  nitrogen-induced  (2x3)  reccxistruction  of  Cu(l  10)  and  discussed 
how  the  highly  directional  interactions  between  the  Cu-N-Cu  bonds  determines  the  nature  of  the 
reconstruction  (D72).  Potassium-induced  reconstruction  of  Cu(l  10)  proceeds  via  homogenous 
nucleation  at  low  coverages  and  anisotropic  growth  along  (110)  at  higher  coverages  \D73). 
Ogletree  et  al.  studied  the  sulfur  induced  reconstruction  of  the  basal  plane  of  Re  (074^75). 

Robem  et  al.  found  that  air  or  water  vapor  injected  into  a  controlled  environment  STM 
induced  changes  in  the  surface  mobility  of  an  annealed  Au  surface  {076).  Hass  et  al.  have 

imaged  both  the  unreconstructed  and  (V3  x  22)  reconstructed  Au(l  11)  surface  in  air  and  in 
triethylene  glycol  or  propylene  glycol  (D77). 

Gimzewski  et  al.  studi^  the  formation  of  antiphase  boundaries  on  Au(l  10)(lx2)  and 
found  that  the  nucleation  and  growth  of  the  (1x2)  phase  occurs  predominately  by  mass  transport 
via  kdnk  sites  {D78).  These  authors  also  discuss  the  importance  of  domain  boundaries  in 
stabilizing  unfavorable  surface  structures  (D79).  The  influence  of  steps  on  the  formation  of 
trussing  row  reconstructions  of  Au(991)  has  been  reported  {080).  Au(Wl>,' which  is  a  vicinal 
Au(llO)  surface  with  (111)  steps  parallel  to  the  close-packed  rows,  has  terraces  which  can 
accomtriodate  two  trussing  rows.  In  addition,  extended  regions  of  the  stable  Au(SSl)(lx2)  phase 
were  observed. 

Miscellaneous  Studies.  Ion  implantation  of  noble  gases  in  metal  surfaces  frequently  generates 
surface  defects  that  can  be  readily  identified  by  STM.  Michely  and  Comsa  observed,  for 
instance,  thatbombardmentofPtf  111)  with  1-keV  He*'*  ions  caused  vacancy  islands,  an  increase 
in  the  density  of  dislocations,  a  large  density  of  hexagonal  adatom  islands,  and  raised  surface 
areas  with  subatomic  heights  resulting  from  He  bubble  formation  {081).  Kr+  implanted  into  Ti 
also  produced  a  raised  sinface  in  areas  where  ions  had  implanted  {082).  Michely  and  Comsa 
also  examined  the  mo^hology  of  Pt(l  1 1)  surfaces  as  a  function  of  annealing  time  both  before 
and  after  sputtering  with  600  eV  Ar-f  ions  {083).  A  transition  from  pit  formation  to  layer-by- 
layer  removal  of  the  Pt  surface  was  observed  and  the  role  of  vacancies  and  thermally  exit^ 
adatoms  was  discussed.  Lang  et  al.  studied  the  erosion  of  Au  tilms  bombarded  with  Ne***  and 
derived  energy-dependent  sputter  yields  and  crater  size  distributimis  from  STM  images  {084). 

Tench  et  al.  compa^  clusters  formed  in  laser-induced  ablation  of  Si,  SiC,  Pt,  UO2  and 
evaporation  of  UO2  using  laser  ionization  time-of-flight  mass  spectrometry  and  STM.  All  the 
clusters  observed  in  the  STM  images  were  approximately  the  same  size,  making  STM  a 
questionable  technique  for  identifrcation  {085).  Scandella  et  al.  studied  the  Ai^  i(Hi  etching  and 
splat-cooling  of  Nb^itio  alloy  nanoctystallites  and  the  effects  of  laser  quenching  on  the  crystal 
morphology(DSd).  The  use  of  ballistic  electron  emission  microscopy  has  b^n  report^  in 
investigations  of  metal/metal  and  metal/semiconductOT  interfaces  {087 , 088, 089). 

Ohnxiri  et  al.  observed  that  N  untterwent  mnphological  changes  in  the  presence  of 

electrochemically  adsmbed  hydrogen,  including  the  develc^ment  of  die  P-phase  and  nodular- 
like  structures  {090).  Besenbacher  et  al.  characterized  the  morpholo^  of  an  Fe-based  NH3 
synthesis  catalyst  {091).  DeKoven  and  Meyers  found  that  polyc^stall^  Fe  surfaces  exposed 
to  perfluorodiethyl  ether  exhibited  two  distinct  friction  coemcients  which  coneqxxided  to  two 
morphologically  different  regions  on  the  surface  {092).  Endo  et  al.  have  obtained  atomic 
resolution  ima^  of  Pt,  Au,  and  Mo  under  diffusion  pump  oil  after  etching  in  HF  and  conclude 
that  the  oil  nu^tains  a  clean,  flat  metal  surface  {093).  Rice  and  Moreland  used  STM  to  image 
the  magnetic  ferrofluid  particles  on  the  surface  of  a  hard  disk  {094).  Tang  et  al.  have 
investi^ted  terrace  structures  on  P^Cfo  multilayer  thin  films  deposited  on  glass  by  Ar  and  Xe 
sputtering  {095).  The  features  observed  by  STM  are  interpreted  in  terms  of  the  energy 
distribution  of  the  inert  gas  atoms . 

Screw  dislocations,  Lomer-Cottrell  locks  and  stacking  fault  tetrahedron,  etc.  on  Ag(l  1 1) 
have  been  investigated  by  STM  {096).  Everson  et  al.  have  studied  the  differences  in  the  local 
density  of  states  (DOS)  on  flat  Au(l  1 1)  as  compared  to  that  mi  monoatomic  steps  and  pits  and 
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narrow  terraces  in  UHV  (DPT).  Monoatomic  steps  show  a  decrease  in  the  surface  DOS  while 
narrow  terraces  have  essentially  the  same  surface  DOS  as  the  flat  Au(l  1 1)  plane.  Fractal  growth 
of  Au  deposits  has  been  investigated  using  STM  (D98). 

Lankford  and  Longmire  characterized  the  fatigue  fracture  surface  of  a  stainless  steel  with 
the  microftactures  in  a  SiC  fiber-reinforced  'DsAl  cnnposite  and  compared  the  results  with  those 
obtained  from  SEM  images  (DPP).  Komarica  and  Kopp  applied  STM  to  the  study  of  several 
stainless  strals  (DlOO). 

The  effect  of  surface  plasmons  on  the  tunneling  current  between  a  W  tip  and 
polycrystalline  Ag  film  have  been  repotted  (D/07).  Plasmons  results  in  an  increase  in  the 
tunneling  current  of  SO  pA,  and  have  a  different  dependence  on  the  tunnel  gap  separation  than  the 
normal  tunneling  currents.  Spectroscopic  measurement  of  light  emitted  between  various  metallic 
tips  and  substrates  was  obtained  by  Smolyaninov  et  al  (D/02).  They  found  that  the  energy  of 
emitted  photons  was  less  than  the  voltage  applied  to  the  tunnel  junction  and  compared  the  voltage 
of  the  emission  maximum  to  the  surface  plasmon  energies  in  the  junction.  The  angular 
dependence  of  the  light  emission  intensity  was  monitored  to  investigate  surface  plasmon 
polaritons  on  an  Au  thin  film  (0103). 

D.2.  Semiconductors 

Investigations  of  semiconductors  by  STM  frequently  includes  correlation  of  surface 
features  with  the  density  of  electronic  states.  The  latter  are  measured  by  local  tunneling 
spectroscopy  (TS)  or  scanning  tunneling  spectroscopy  (STS).  Data  are  frequently  presented  as 
(dI/dV/(I/V)  vs  V  spectra,  where  I  is  the  tunneling  current  obtained  at  a  tip-sample  bias,  V.  The 
quantity  (dI/dV)/(W)  represents  the  differential  conductance  (dl/dV)  ntmnaliz^  to  the  integral 
conductance  (W).  litis  method  of  plotting  the  I-V  data  yield  "specM"  that  are  correlated  with 
electronic  surface  density  of  states  (DOS).  Fan  and  Bard,  for  instance,  have  obtained  STM 
images  and  I-V  curves  of  a  highly  doped  n-type  FeS2  (001)  crystal  in  air  (0104).  llie  I  vs  V 
data  are  discussed  in  terms  of  the  band  locations,  localized  states  in  the  band  gap,  and  band 
bending.  In  other  studies,  STM  is  used  in  conjurtction  with  photon  biasing  to  obtain  electronic 
parameters  and  to  measure  ntincvity-carrier  losses  at  surface  defects  (0105).  Zhao  et  al.  have 
used  STM,  STS,  and  optical  spectroscopy  to  characterize  C^e  particulate  senticonductor  frlms 
on  dioctadecyldimethyiamnoortium  brorrtide  noonolayers  (0106).  In  these  studies,  STM  was 
used  to  detenrtine  the  size  of  the  GlSe  particles  and  their  degree  of  interconnectivity,  while  the 
spectroscopic  data  was  employed  to  quantify  the  rectifying  senticonductor  behavior  of  the 
ensemble.  In  similar  studies,  the  morphology  and  spectroscc^ic  prcqrerties  of  size  quantized 
CdS  and  ZnS  particles  on  various  substrates  including  cadirtium  arachidate,  zinc  arachidate,  or 
metal-ion-coa^  monolayers  was  investigated  (0107, 0108). 

Feenstra  and  Lutz  have  used  SIM  to  study  the  transformation  of  the  Si(lll)  2x1 
structure  to  the  7x7  structure  as  a  function  of  time  and  annealing  temperature  (0109).  An 

observed  5xS  structure  is  consistent  with  the  dimer-adatom-stacking-fault  nxxiel;  a  ic-bonded 
chain  structure  is  confirmed  for  the  2x1  structure  (OllO).  Theory  predicts  that  buckling  in  the 
VSxVs  reconstruction  lowers  the  surface  eno'gy  of  the  Si(lll)  surface;  however,  the  lower 

energy  (2x1)  rc-bonded  chain  reconstruction  can  occur  if  defects  are  absent  (Olll).  First- 
principle  electronic  states  calculations  have  been  used  to  simulate  the  negative  differential 

resistance  observed  in  STS  data  on  the  Si(l  I  l)V3xV3  structure  (0112).  Kitamuta  et  al.  have 
observed  the  1x1  to  7x7  surface  reconstruction  of  Si  thin  films  above  8(X)*C  and  report  step 
fnination  and  migration  during  the  process  (0113).  Tarrach  et  al.  have  studied  the  Si(l  1 1)  7x7 
and  Si(001)  2x1  reconstructions  in  die  vicinity  of  step  edges  and  have  observed  buckled  dhners 
on  the  latter  surface  (0114).  In  addition,  they  have  investigated  the  structural  transitions  on 
laser-irradiated  Si(l  1 1).  Knall  et  al.  have  imaged  the  en^ty  and  filled  states  in  the  Si(l  13) 
surface  and  conclude  there  is  strong  evidence  for  a  3x2  uiut  cell  and  explain  reports  of  a  3x1 
reconstruction  in  terms  of  the  density  of  domain  boundaries  (0115).  Sugihara  et  al.  have 
observed  individual  dimer  atoms,  in  the  occupied  state  inu^  of  Si(l(X)),  and  discuss  die  role  of 
elastic  deformations  on  the  obseived  image  (0116).  A  Gindie^-Landau  model  is  used  model 
discrepancies  between  STM  images,  dieory,  scattering  experiments.  In  this  later  study,  the 
Si  diiners  are  allowed  to  assume  a  tilted  configuration  (0117).  Brocks  et  al.  have  also  used 
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first-principles  total-energy  calculations  to  calculated  the  activation  energy  for  diffusion  of  an  Si 
atom  parallel  (0.6  eV)  and  perpendicular  (1.0  eV)  to  the  dimer  rows  on  Si(l(X))  and  propose  that 
one-dimensional  hopping  of  adatoms  should  be  observable  at  low  temperatures  using  STM 
(0118). 

STM  and  STS  data  have  been  reported  for  oxidized  n-  and  p-type  Si(l(X))  and  p-n 
junctions  formed  by  implantation  of  P  into  B  doped  Si  wafers  (0119).  K(^c  et  al  have  us^  a 
two-dimensional  STM  to  image  the  contrast  between  p-  and  n-type  regions  in  a  biased  Si  p-n 
junction  (0120).  Hessel  et  al.  have  mapped  the  distribution  of  dopant  around  a  implantation 
mask  edge  and  found  high  doping  levels  corresponded  to  an  ohmic  I-V  curve,  whereas,  low 
doping  levels  displayed  a  Scho^  hairier  behavior  (0121).  STM  has  also  been  used  to  measure 
the  three-dimensional  impurity  profile  of  B  in  a  metal-oxide- silicon  structure  (0122). 
Comparison  of  this  method  to  results  from  secondary-ion  mass  spectrometiy  and  spreading 
resistance  methods  shows  that  the  activated  boron  impurity  concentration  is  measured  i^er  than 
the  total  boron  concentration. 

Several  authors  have  used  STM  to  measure  the  surface  photovoltages  of  semiconductors 
such  as  Si(lll),  Si(l(X)),  InP(l(X)),  and  GaAs(l(X))  when  illuminated  with  laser  iiradiation 
(0123, 0124)  or  monochromatic  light  (0125). 

The  mechanism  of  adsorption  and  desorption  of  H  and  O  on  Si  is  of  interest  in 
microelectronics  processing  (0126,  0127,  0128, 0129,  0130,  0131.  0132).  STM  images 
suggest  a  SiHs  sp^ies  on  the  Si(l  1 1)  surface  after  exposure  to  HF  (0133).  AFM  images  of  Si 
etched  in  48%  HF  show  a  disordered  surface,  while  those  etched  at  pH  5.5  or  9  in  Iff/NH4F 
show  a  well-ordered  hexagonal  structure  (0134,  0135).  In  addition,  differences  exist  in  the 
surface  moipholo^  of  etched  Si  surfaces  after  exposure  to  aqueous  solutions  of  differing  pH's, 
(^arrejo  et  al.  studied  the  fractal  topognythy  of  polysilicon  films  under  dilute  HF  solutions  and 
observed  that  the  surface  roughness  increases  with  film  thickness  (0136). 

Avouris  and  Lyo  have  studied  the  infraction  of  Si(lll)  7x7  with  H2O  and  O2  and 
propose  a  dominant  dissociative  chemismptimi  mechanism  for  the  H2O  interaction  (0137, 
0138).  Pelz  and  Koch  have  prc^tosed  a  two-stage  mechanism  for  O  reacted  on  Si(l  1 1)  7x7  at 
3(X)  K,  based  on  tt^graphic  images  (0139).  Annealing  the  surface  at  625  K  changes  the 
number  and  rite  preference  of  the  two  stages  markedly.  Kobayashi  and  Sugii  prt^posed  that  the 
thermal  desorptitm  of  native  oxides  on  Si(l  11)  occurs  by  the  formation  and  lati^  growth  of 
voids  rather  than  layer-by-layer  growth,  in  agreement  with  RHEED  and  AES  measurements 
(0140).  TS  data  <m  ultratto  SiO^i  structures  and  H-terminated  Si  surfaces  yielded  normal  and 
defea  site  spectra  in  the  former  case  but  only  mmnal  spectra  in  tiie  latter  case  (0141).  The  defect 
spectra  show  negative  differential  resistance,  which  has  been  ascribed  to  resonant  tunneling 
through  localized  defects  in  the  oxide. 

Several  researchers  have  used  STM  ro  study  the  topography  and  electronic  properties  of 
faults  (0142),  Idnks  (P143),  grain  boundaries  (0144)  and  steps  (0145,  0146,  0147,  0148, 
0149,  0150)  as  well  as  st^  motion  (0151,  0152)  on  Si  and  compart  these  properties  to 
theoretical  calculations  (0153,  0154,  0155,  0156).  Hartmann  et  al.  have  discussed  the 
usefulness  of  the  STM  as  a  tool  to  study  the  roughness  and  surface  topography  of  polished  Si 
wafers  (0157). 

Nucleation  and  growth  of  Ge  overlays  is  described  for  Si(lll)(7x7)  (D158)  and 
Si((X)l)  (D159)  substrates,  hfo  and  Lagally  investigated  the  anisotrc^in  the  surfrfe  migration 
of  Si  and  Ge  on  Si(001)  and  found  that  surface  mijpation  is  >1000  times  faster  along  die 
substrate  dimer  rows  dian  perpendicular  to  them  (D160,  D161).  Alvarez  et  al.  have  studied  the 
inhonoogenous  growth  of  FbSi  and  FeSi2  grown  on  Si(lOO)  using  STM  and  find  that  the 
presence  of  surftM  stq»  on  the  Si  induces  a  mote  epitaxial  grov^  (0162). 

Klitsner  et  al.  studied  the  oxidation  of  Ge(l  1  l)-c(2x8)  as  a  function  of  tenqietature  and 
found  that  at  room  temperature  the  prinuffy  nucleation  rites  ate  boundaries  between  domains  of 
different  orienutions  ci  the  c(2x8)  reconstruction,  defects,  and  disordered  adatom  regions 
(0163).  At  higher  temperatures,  the  oxide  nucleates  uniformly  suggesting  diat  the  c(2x8) 
reconstruction  is  degraded  at  elevated  temperatures.  Hirschom  et  al.  observed  buckling  of  the 
Ge(l  1  l)c(2x8)  surface  upon  annealing  (0164).  Conversion  of  die  Ge(l  1 1)2x1  surfme  mto  the 
c(2x8)  surface  upon  aruwaling  has  been  wponc6(0165).  Surface  disorder  in  the  c(2x8)  region, 
was  suggested  to  be  the  result  of  surface  adarom  diffusion  in  the  ((X)l)  direction  (0166). 
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Heteroepitaxial  films  of  Gc  on  Si(lOO)  (D167),  GaAs  on  InPfOOl)  (D168),  InGaAs  on 
GaAs(lOO)  (DI69,  0170),  GaAs  on  GaPfOOl)  (DI71),  Sb  on  GaAs(l  10)  and  InP(l  10)  (DI72), 
Bi  on  GaP(l  10)  (0173),  and  As  on  Si(lOO)  (0174)  have  also  been  investigated  by  electron- 
tunneling  techniques. 

Multiquantum  well  (MQW)  structures,  such  as  GalnAs/InP  (0175,  0176,  0177) , 
GaAs/AlGaAs  (0178,  0179),  and  InGaAs/InAlAs  (0180)  and  the  effect  of  doping  these 
structures  have  been  investigated  by  STM.  Electron-tunneling  images  of  the  MQW  structures 
reflect  the  sh^  of  the  MQW  potentkl. 

Luminescence  induced  by  electron  tunneling  has  been  used  to  study  III-V 
heterostructures,  such  as  AlxGai.xAs  (D181,  D182,  D183).  Information  on  the  band-bending, 
the  conduction-band  discontinuity  at  the  intoface,  trapping  centers  associated  with  defects  and 
impurities,  etc.  can  be  obtained  using  this  technique. 

Combined  STM-luminescence  studies  which  examine  the  surface  morphology,  including 
reconstructions,  terrace  widths,  kinks,  and  steps,  of  GaAsfOOl)  grown  by  MBE  have  been 
reported  by  a  number  of  researche^D/^,  0185, 0186, 0187).  McCoy  and  MaJcsym  have  also 
p^ormed  Monte-Carlo  simulations  to  model  the  MBE  growth  of  the  (2x4)  reconstructed 
GaAs((X)l)  surface  and  find  the  results  correlate  well  with  §174  images  (D188).  Similar  STM 
studies  are  reported  for  GaAs(l  10)  (0189, 0190). 

Bonnell  et  al.  have  us^  tunneling  spectroscopy  to  detect  the  photoexcitation  of  charge 
carriers  in  wide  band-^p  semiconductors  such  as  ZnO  and  cubic  SiC  (0191).  Valence-to- 
conduction  band  transitions  were  detected  for  the  SiC  samples,  whUe  chai^ge-transfer  transitions 
from  the  dopant  levels  were  observed  for  ZnO.  In  addititm,  the  tunneling  spectrum  of  2LnO  was 
altered  by  continuous  exposure  to  ultraviolet  light  Rtrfirer  et  aL  also  have  um  q)atially  resolved 
TS  to  investigate  the  effect  of  different  surface  treatments  (e.g.,  annealing  and  exposure  to  air)  on 
terraces  and  grain  boundaries  of  ZnO  (0192).  STM  was  u^  to  investigate  the  geometric  and 
electronic  structure  of  Zi^OOOl)  (0193).  Steps  on  the  surface,  which  are  compmed  mainly  of 
(1010)  and  (1 120)  faces,  introduce  mid-gap  electronic  states  in  tte  I-V  curves. 

The  atomic  arransement  and  defects  on  n-  and  p-PbSe(lOO)  as  well  as  MBE  layers  of 
PbSe  on  BaF2  have  been  investigated  by  STM(D/94).  In  the  case  of  the  MBE  layers,  the  (100) 
and  (111)  orientations  of  PbSe  occur  preferentially  at  qiecilic  substrate  tenmeratures.  Fbecke  et 
al.  have  measured  the  crack-tip  moipholo^  and  upsets  along  the  flariks  of  tM  cracks  in  PbS  and 
Si.  They  discussed  the  effea  of  STM  tip  geometry  and  scan  conditions  on  the  image  of  the 
resulting  cleavage  crack  (0195). 

Rohrer  and  Bonnell  studied  Ti02  and  monitored  local  variations  in  the  surface  Ti:0 
stoichiometry  using  STM  (0196). 

D.3.  Superconductors 

The  microscopic  properties  and  conductance  qiectra  of  single-crystal  films  of  NbN  have 
been  studied  at  4.2  K  using  STM  (0197).  By  cooling  the  films  uider  a  magnetic  field  of  0.1  T, 
a  v(»tex  core-like  structure  was  observed  (0198).  Low  temperature  tunneling  spectroscopy  data 
on  the  Nb/InAs/Nb  superconducting  system  shows  how  die  local  density  of  electronic  states  of 
the  InAs  layer  was  modulated  by  the  superconducting  Nb  layer  (0199).  Thomasson  et  al.  have 
used  STM  to  monitor  film  smoothness  and  measure  the  dikkness  of  NbCN  tunnel  junctions 
(0200).  Chen  et  aL  obtained  inaages  and  spectroscopic  data  from  4  K  to  400  K  on  Pb  films  and 
found  that  there  are  sharp  changes  from  the  expected  N-I-S  tunneling  characteristics  to  normal 
tunneling  conditions  at  certain  regions  in  the  fUm  (0201).  Using  spectroscopic  measurements 
obtained  at  low  tenaperatute,  the  ^nsity  of  electronic  states  in  a  superconductiM  vortex  core  in 
Nbi-xTaxSe2  has  been  measured  as  a  function  of  the  disorder  in  the  system  (02(a). 

Sev^  researchers  have  used  AFM  and  STM  to  investigate  the  growdi,  surface 
structure,  including  the  presence  of  dislocations  and  their  effect  on  flux  pinning,  and  effect  of 
etching  of  YBaiCusQ;^!  films  and  superiattices  of  YBa2Cu307.<l  and  PrBa2Cu3C>7.d  (0203, 
0204, 0205, 0206, 0207,  0208).  Moreland  and  Rice  have  u^  low  teoqienmre  tunneling 
stabilized  magiwtic  force  microscopy,  where  the  tunneling  tip  is  made  of  a  flexible  magnetic 
material,  to  image  the  topography  magnetic  forces  on  sanqiles  of  YBa2Cu30x  (0209). 
Preliminary  data  show  that  large  magnetic  forces  ate  acting  on  the  tip  during  scanning  at  48  K. 
STM  and  AFM  have  also  been  used  by  several  researchers  to  chiuacterize  the  morphology, 
tunneling  characteristics,  effect  of  O  depletion  and  effect  of  etching  at  room  and  low  tenperatuies 
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of  Bi2Sr2CaCu20y  superconductors  (D210,  D211,  D212,  D213.  D2I4.  D215,  D2I6,  D217). 
Samanta  et  al.  have  imaged  the  incorptmition  of  O  into  a  high-Tc  Bi/cuprate-based 
supercmiductor  and  use  TS  data  to  relate  tto  phenomenon  to  the  subs^uent  decrease  in  the  Tc 
of  the  superconductor  (D218).  Wang  et  al.  have  characterized  the  morphology  of 
superconducting  Pb-Bi-Sr-Ca-Cu-O  single  crystals  using  STM  (D219).  Surface  etching  of 
single  crystal  Tl2Ca2Ba2Cu(^  in  air  has  bMn  observed  using  STM  (D220).  STM  has  also  been 
us^  to  identify  the  metallic  near-trigonal  and  semiconducting  <»ihorhomic  structures  of 
Tl2CaCu2Ba20g  and  Tl2Ca2Ba2Cu30io  single  crystals  (D22I). 


D.4.  Layered  Compounds 

Layered  metals  and  semiconductors  can  be  cleaved  to  yield  large-area,  atomically  flat 
surface  regions  that  are  ideal  for  high-resoludon  AFM  and  STM  studies.  In  addition,  the 
materials  and  electronic  properties  of  layered  compounds,  accentuated  by  their  low- 
dimensionality,  is  rich,  but  less-well  investigated  than  most  conventional  metals  and 
semiconductors.  In  particular,  charge  density  waves  (CDW)  ami  other  supra-atomic  surface 
structures  resulting  from  crystallographic  mismatch  of  the  outermost  surface  layers  has  iteen 
heavily  research  during  the  past  years. 

Parkinson  et  al.  have  imaged  the  periodic  distortion  caused  by  the  van  der  Waals 
interaction  between  epilayers  of  transition  metal  dichalcogenides  (JMD’s)  grown  by  molecular 
beam  epitaxy  onto  other  TMD's  (D222).  ^ila^a  (^MoSe2  dqwsited  on  various  sub»nues  by 
van  der  Wads  enitaxy  show  novel  surface  structures  which  result  from  lattice  mismatch  (D223). 
Heckl  et  al.  used  STM,  AFM,  and  SIMS  to  investigate  2  nm  scale  ring-structures  on  the  surface 
of  naturally  occurring  M0S2  (D224).  The  differences  between  die  natural  and  synthetic 
(ringless)  forms  of  the  material  are  discussed  in  terms  of  die  fossilization  process  and  electronic 
effects  ciuised  by  poim  defects. 

The  observation  of  a  negative  differential  resistance  in  the  cuntnt-vtdtage  curves  for 
2Hb-MoS2  in  UHV  has  been  discussed  in  terms  of  a  perturbation  oi  the  energy  de^ty  of  states 
by  a  contamination-induced  peak,  charging  of  electron  trials,  and  resonant  tunneling  in  a  double¬ 
barrier  quantum  well  structure  (D225).  Parkinson  et  al.  have  cdscussed  atomic  resdution  STM 
and  AFM  images  of  ReSe2  in  terms  of  DOS  calculations  and  proposed  four  crystallognqihically 
distinct  surface  Se  atoms  (D226). 

Wu  and  Lieber  have  used  variable  temperature  STM  to  investigate  the  nearly 
commensurate  charge  density  wave  (CDW)  phase  in  ir-TaS2.  The  commensurate  CDW  has  a 
hexagonal  domain  structure  whose  period  was  temperature  dependent  (D227).  Slough  et  al. 
found  that  the  CDW  arrqilitude  in  ir-TaS2  at  room  temperature  shows  a  long  range  modulation 
which  gives  rise  to  a  two-dimensional  pattern  of  domain-lilGe  regions  rotated  with  reflect  to  the 
CDW  superlatice  (D228).  Burk  have  also  imaged  the  domain  structure  in  foe  nearly 
commensurate  CDW  phase  of  IT-TaSi-  The  Bne  satellite  structure  has  been  identified  using 
Fourwr-transformed  STM  images,  in  agreement  with  the  airqilitude-domain  andjfoase-domain 
model  (rfNakanishi  and  Shiba  (D229).  Nb  inqiurities  in  the  incommensurate  CDW  plutse  in  IT- 
TaS2  have  been  shown  to  cause  dislocations  resulting  in  random  rotations  of  the  CDW.  The 
resuhs  are  discussed  in  terms  of  weak  pinning  and  the  existence  of  a  hexatic  CDW  phase 
Sakamaki  et  aL  have  observed  foe  structure  of  a  stacking  boundary  d  neariy  commensurate 
CDWs  in  ir-TaS2  caused  by  iniercabued  Ta  atoms  (D23I). 

GamaesetaL  have  uWd  AFM  to  imay  the  congnensurate  CDW  structure  on  lT-TaSe2. 
the  incomnensutate  CDW  structure  on  IT-TaSi,  and  lT-TlSe2  and  2H-NbSe2  (foe  latter  does 
not  show  a  CDW)  at  room  temperature  (D232).  Three  types  of  CDW  vertices  (triangular, 
rhombic,  and  hexagonal)  imaged  on  IT-Ta^  in  air  at  room  tenyrstete  have  been  describe  by 
these  aufoors  (D233).  Using  atomically  resttived  STM  images,  Oammie  et  aL  have  analyzed  the 
structure  of  o-TaSa.  Dai  etaL  have  shown  that  tire  three  pairs  ^diains  in  the  NbSea  unit  oeU  all 
carry  a  strong  CDW  modulation  at  4.2  K,  in  disagreement  with  previous  results.  At  higher 
temperatures,  tte  CDW  is  localized  on  only  one  pair  of  dudns  (D234).  Synditotron  sin^e 
ervm  intensity  data  siMgest  a  difference  in  the  CDW  modulation  along  the  difforent  chains  in 
NbSea  (D235,  D236}.  wwg  et  aL  have  measured  the  CDW  energy  gap  in  IT-TaSea,  IT-TtSj, 
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ir-VSe2,  lT-TiS2,  2H-TaSc2,  2H-TaS2,  2H-NbSe2  and  find  a  systematic  dependence  of  the 
CDW  strength  on  the  materials  properties  (D237). 

Alum  et  al.  have  monitor^  the  growth  and  orientation  of  equilateral  triangles  from 
clusters  following  a  voltage  pulse  applied  between  the  tip  and  an  atomically  flat  WSe2  surface 
(D238).  All  the  triangles  were  found  to  have  the  same  orientation  widi  respect  to  a  given 
(xientation  of  the  substrate,  reducing  the  sixfold  symmetry  at  the  atomic  Se  si^ace  to  that  of 
three-fold  symmetp'  at  the  molecular  WSe2  layer.  Van  Bakel  et  al.  have  imaged  the  trigonal 
symmetry  of  the  TiS2  lattice  as  well  as  several  other  new  features  (D239).  A  model  involving 
displacement  of  Ti  atoms  is  presented  to  account  fm*  the  observed  features. 

Saulys  formed  pits  in  the  siuface  of  Nao.gMotjOn  by  briefly  increasing  the  bias  voltage 
or  tunneling  current  between  the  tip  and  the  sample  (D240).  Explanations  for  the  change  in  the 
pits  with  time,  forming  eitlrer  faceted  or  rounded  shapes,  are  discussed  Rudd  et  al.  have  also 
imaged  Nao.9Mo60i7  and  Rbo.3Mo03  and  discuss  their  images  in  terms  of  the  defect  creation 
techniques,  the  relative  defect  stabilities,  and  COW'S  of  these  materials  (D241). 

D.5.  Carbon 

Because  of  the  ease  of  surface  preparation,  highly  raiented  pyrolytic  gr^hite  (HOPG) 
continues  to  be  frequently  used  as  a  sutetrate  for  imaging  molecular  adstxbates.  Clemmer  et  al. 
(D242)  and  Chang  et  id.  (D243)  ,  however,  have  imaged  a  number  of  anomalous  surface 
features  on  bare  graphite  surfaces  which  are  strikingly  simular  to  structures  previously  identified 
as  molecular  adsorbates,  including  images  of  DNA  and  polymers  published  in  the  late  1980's. 
These  researchers  discussed  general  problems  associated  with  using  HOPG  as  a  substrate. 

Sipeiko  used  STM  tt>  observe  various  features,  including  hexagonal  etch  pits,  steps, 
and  crystals,  on  graphite  surfaces  including  HOPG,  pyrolytic  graphite,  benzene-derived 
graphite,  and  triphenyiene-derived  gnmhite  (T>24¥>.  Seve^  authors  have  imaged  simerperiodic 
hexagonal  domains  on  the  surface  of  HOlk}  both  in  water  and  under  solution  (D24S,  D246, 
D247,  D248).  Myrick  et  al.  show  that  TS  data  taken  from  defect  areas  on  gnqiMte  have  a  lower 
surface  density  of  states  and  suggest  that  TS  data  may  allow  tire  distinction  between  defects  and 
molecular  adsorbates  easier  (D249). 

Brown  and  You  have  used  STM  to  characterize  the  morphology  of  glassy  carbon 
surfaces.  Two  types  of  structures  exist  in  addition  to  the  nonnal  graphite  structure,  one  being  a 
granular  structure  with  grain  sizes  from  80  •  250  A  and  the  other  consisting  of  a  curved  fibrillar 
structure  (D250). 

Oik  et  al.  have  imaged  a  stage- 1  graphite  intercalation  compound  (C^CuCl2)  (d  both 
positive  and  negative  sample  biases  with  respect  to  the  tip.  At  positive  sample  biases,  a 
hexagonal  symmetry  was  observed  (due  ro  the  ABAB  stacmg  arrangement)  rather  than  the 
three-fold  symmetry  of  non-inteicalated  HOPG.  At  negative  sample  biases,  a  different  image 
was  obtain^  where  the  pattm  is  mainly  due  to  the  intercalate  layer  and  perturbed  graphite 
(D251).  A  new  mthorhombic  supeiiattice  was  observed  in  the  stage  1  compound. 

Kel^  and  Lieber  have  imaged  and  discuss  the  origin  of  a  new  commensurate  (2x2)  superlutice  in 
addition  to  the  hexagonu  graphite  lattice  in  stage  1  KHgQ  and  stage  2  KH2O8  graphite 
intercalation  compounds  (D252),  They  have  also  imaged  a  commensurate  2x2  and  an 
incommensurate  superstrucrine  on  KHgQ  and  a  one-diiMnsional  superstrocture  and  two- 
dinrensional  supolanice  on  KHogQ  (D2S3). 

The  atomic  packing,  defect  stnictuies  and  electronic  structure  C  qiitaxiaDy  precipitated 
on  Ni(l  1 1)  wu  fbund  to  be  essentially  identical  to  that  of  (D254).  Itoh  et  al.  have  used 
IJEED  and  SIM  to  study  a  momdayer  of  graphite  epitaxially  grown  on  HCdll)  and  discuss  TS 
data  on  the  surfrree  baiid  structure  rtf  the  monolayer  (D255).  Murata  et  aL  have  ima^  a 
dismdered  carbonaceous  film  crmiposed  of  benzene  rings  prepared  by  pyrol}|rsis  of 
c^lododecane  on  a  quartz  substrate  (D256).  Ito  et  al.  found  ^t  carbon  fUms  sj^drenzed  by 
direct  ion-beam  deposition  at  100  eV  have  the  smoothest  surface  (D257).  Vaiidentop  et  al. 
studied  the  nucleation  and  growth  of  hydrogenated  amorphous  carbon  films  on  HOro  and 
silicon  and  obewrved  a  more  homogenous  gro^  on  silicon  (D258). 

Numerous  researchen  have  used  STM  (re  AFM  to  characterize  tire  nucleation,  |rowth, 
effect  of  doping,  morphology,  and  I-V  charactoistics  of  chemically  yapor  deposited  diamond 
films  (D259,  D260,  D261,  D262,  D263,  D264.  D265.  D266.  D267). 
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The  effects  ion-bombardment  of  graphite  surfaces  was  studied  extensively  during  the  past 
year  as  a  function  of  the  ion  flux  and  sample  tempera^  (D26^,  D269.  D270,  D271,  D272). 
Surface  modification  of  gn^hite  surfaces  in  air  and  in  liquids  has  been  reported  by  several 
authors  (D273,  D274).  STM  has  been  used  to  cwrelate  tlw  morphology  of  carbon  electrodes 
after  laser-activation  with  measured  electrochemical  heterogenous  charge-transfer  rates  (D275. 
D276,  D277).  These  activated  surfaces  exhibited  a  significant  increase  in  the  surface  roughness 
and  number  of  defect  sites.  Carbon  electrodes  can  also  be  electrochemically  activated  by 
application  of  an  iq>plied  voltage  (D278).  STM  and  AFM  images  of  die  activated  surface  showed 
an  increase  in  the  si^ace  roughMSs  suggesting  the  {msence  d  an  oxide  layer. 

Chang  and  Bard  have  investigated  the  oxidation  of  the  graphite  surface  at  elevated 
temperatures  and  monitored  the  nucleation  and  growth  of  etch  pits.  In  addition,  they  also 
concluded  that  the  fwination  of  etch  channels  on  Um  graphite  surface  after  treatment  using  both 
chemically  active  (e.g.  FeCls,  CdS,  and  H2PtCl6)  and  inactive  (e.g.,  NaCl  and  AT2O3) 
compounds  were  primai^y  the  result  of  mechanical  interactions  of  the  particles  with  the  grtqihite 
surface  (D279). 

Hoffman  et  al.  have  investigated  the  roughness  and  structure  of  several  C  fibers, 
including  type-II  polyacrylonitrile  (PAN)-based  fibers  and  type-II  pitch-based  fibers,  and  the 
effect  of  heat  treatment  on  these  fit^  (D280).  Hoffman  et  al.  have  investigated  the  effect  of 
various  treatments,  including  O  exposure  at  high  temperatures,  O  and  Ar  plasma  exTOSure, 
HNO3  exposure,  and  electrochemicid  treatment  on  the  morphology  of  P-SS  pitch-based  C  fibers 
(D281). 

D.6.  Atomic  and  Molecular  Adsorbates 

Eigler  et  al.  used  low  temperature  STM  to  image  individual  Xe  atoms  on  Ni(l  10)  and 
found  the  iqipatent  height  of  the  Xe  atom  in  the  STM  image  was  in  agreement  with  the  expected 
value  based  on  an  atom-on-jellium  model  (D282).  They  also  note  that  the  Xe  6s  resonance, 
which  is  the  ori^  of  the  Ftinm-level  local  density  of  states,  is  responsible  fn*  the  observed 
contrast  in  the  StM  image.  Eigler  et  al.  have  developed  a  protot;^  an  atomic  bistable  switch 
based  on  a  Xe  atom  which,  applj^g  a  vologe  pulse  of  a  particular  sign,  can  be  pmitoned  on 
either  die  STM  tip  or  Ni  surtace  (D283).  This  prototype  system  has  potential  triplications  for 
noanufacturing  so^  electronic  devices,  (see  "Surface  Mo^cations",  below).  Whitman  etal. 
have  demonsoated  the  manipulation  of  adsorbed  Cs  atoms  on  GaAs  and  InSb  by  application  of  a 
voltage  pulse  between  die  tip  and  sample  (D284). 

Hallmark  et  al.  investigated  me  molecular  orientations  and  rotations  of  napthalene  on 
Pt(l  1 1)  at  room  temperatuie  in  UHV  (D285).  Magonov  et  al.  investigated  the  mo^hology  of 
thin  layers  of  2, 3-Fe-naphthalocyanine  vapor  deposited  on  amorphous  carbon  (D286).  Regions 
of  disorder  as  well  as  arrays  of  stacks  with  peri^city  of  0.4  nm  in  a  row  and  1.5  nm  beri^n 
stacks  were  observed.  Individual  molecules  of  the  fenonuignetic  crystal,  2-(4-nitrophenyl)- 
4,4,5,5-tetraiiiethyl-4,S-dihydio-lH-iniidazolyl-l-oxy  3-oxide,  were  imaged  with  AFM  and  the 
molecular  arran^ment  was  found  to  be  in  agreement  with  in  bulk  crystal  structure  (D287). 
Nejoh  has  studM  the  incremental  charging  of  a  single  irxdecule  of  a  liquid  crystal  at  room 
temperature  and  observed  quasiperiodic  variations  in  the  current  voltage  curves  which  were 
attributed  to  a  dunge  in  the  diarge  of  die  molecule  (D288). 

STM  has  been  used  in  conjunction  with  electron  microprobe  analysis,  SIMS,  and  ATR  to 
study  the  adsoqNion  of  CO  on  Pt  and  Pd  (D289).  Other  stumes  concerning  GO  adsorption  ate 
discussed  below  in  the  section  on  "Etectrochenai^  STM  and  AFM." 


D.7.  Polymers  and  Quasi-crystalline  Films 

Polymer  Processing.  AFM  has  been  used  to  monitor  the  processing  defects,  laser  conditioning 
and  aging,  and  laser  beam  damage  in  e-beam  evaporation  depoated  antireflection  and  high 
reflecting  coatinn  (E290).  STM  has  been  used  to  determine  whether  tesrdution  degralation 
occurring  in  und^loped  e-beam  resist  (polydiacetylene  negative  resist)  occurs  during  the 
exposure  to  the  50  kV  e-beam  or  during  resist  dinwiopment  (E291). 

AFM  of  polyethylene  (I)  rods  during  extrusion  showed  the  surface  parallel  to  the 
extrusion  direction  consisted  of  ziz-zag  chains  (D292).  Smaller  scans  showed  me  structure  of 
indivkiual  microfibrils  including  defects  in  the  chains.  Individual  mediyelene  groups  have  also 
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been  resolved  in  these  samples  (D293).  Non-contact  force  microscopy  was  used  to  investigate 
the  aging  of  glassy  polymers  including  polystyrene  (I)  and  poly(2,6-^methylphenylene  oxide) 
(D294).  Zhai  et  al.  have  used  AFM  to  monitor  the  radiation  dainage  caused  by  heavy  ions  on  the 
surface  of  a  polycarbonate  film  (D295). 

Lee  et  al.  have  used  a  variety  of  techniques  including  STM  to  show  that  implanting 
Kapton  H,  Teflon  PFA,  Tefzel,  and  Mylar  with  ions  such  as  B,  N,  C,  Si,  and  Fe  improves  their 
smoothness,  hardness,  and  wear  resistance  (D296).  Using  a  special  imaging  mode  of  the  STM, 
based  on  charge  trapping,  the  degree  of  uniformity  of  a  pe^ucnnpoiyether  on  magnetic  thin 
film  rigid  disks  was  examined  and  found  to  be  nonuniform  near  scratched  regions  (D297). 

Lotz  et  al.  have  used  AFM  to  image  the  lamellar  structure  of  a-phase  isotactic 
polypropylene  epitaxially  ^stallized  on  benzoic  acid  (D298).  Yang  et  al.  have  used  STM  to 
image  helical  and  superhelical  structures  in  polyfethylene  oxide)  complexes  containing  KI  and 
Nal  (D299).  Mate  and  Novotny  have  used  AFM,  XPS,  and  ellipsometry  to  show  that 
physisorbed  fluorocarbon  polymers  have  an  extended  structure  on  solid  surfaces  (D30b).  The 
disjoining  pressure  of  a  monolayer  of  polymer  was  measured  by  AFM.  Dietz  et  al.  have  used 
AIM  to  image  polysulfone  and  pdyetliCT-polysulfone  ultraBltration  membranes  of  different  sizes 
in  the  dry  state  and  in  the  presence  of  water  (D301). 

Electroactive  Polymers.  STM  has  been  used  to  correlate  the  XPS  depth  resolution  to  tite  sputter- 
induced  roughness  in  AgN02*<k>ped  electrochemically  prepared  films  of  Fe(vbpy)2(CN)2 
homopolymer-poly(vbpy)  blends  (vbpy  =  4-vinyl-4*-methyl-2,2'-bipyridyl)  (D302). 

Madsen  et  al.  have  measiued  the  increase  in  the  surface  area  ^  electrochemicaUy  prqrared 
polypyrrole  Aims  grown  on  a  Pt  electrode  by  several  methods  including  a.c.  impedance 
measurements,  SANS,  and  STM  (D303).  The  first  two  techniques  indicate  an  increase  in  the 
surface  area  of  40-30  times  relative  to  ^  while  the  STM  measurements  show  only  a  2.2-fold 
increase.  Everson  and  Helms  have  shown  that  the  electrochemical  growth  of  thin  films  of 
perchlorate-doped  polypyrrole  on  HOPG  starts  as  small  islands  nucleating  near  defect  sites 
(D304). 

Porter  et  al.  have  imaged  both  chemically  and  electrochemically  prepared  borate- 
substituted  polyanilines.  They  observed  that  the  chemical  preparation  resulted  in  small 
amorphous  conducting  domains  as  well  as  non-conducting  domains,  wltile  the  electrochemical 
preparation  yielded  by  conducting  amorphous  islands  and  polymer  coils  (D305).  Porter  et.  al. 
have  also  imaged  amorphous  islands  and  polymer  strands  in  samples  of  chemically  and 
electrochemcially  prepared  poly(3-hydroxyaiuline)  thin  films  (D306).  Jeon  et.  aL  have  studied 
the  growth  ci  thin  nlins  of  eleco^lymerized  polyaniline  on  evaporated  Au  electrodes  and  have 

measured  the  K-n*  gap  of  the  fully  protonaied  oneraldine  salt  form  of  polyaniline  (D307). 

Antres  et  al.  have  studied  the  morphology,  coating  homogeneity,  and  discuss  the 
mechanisms  of  conduction  in  polyaniline  and  polypj^le  colloids,  polyaniline  and  polypyrtole- 
coated  textile  substrates,  and  electrochemically  synthesized  polyaniline  filtns  using  a  ooi^ination 
of  STM,  TEM,  SEM,  and  X-rays  (Di08).  These  researchm  have  used  a  variety  of  techitiques 
to  characterize  several  polvpynole-quartz  and  polyaniline-quartz  oomrosites;  STM  shows  that  tiie 
polymer  films  are  thin  and  unifontdy  deposited  over  the  qiuutz  (D309). 

Kamrava  et  al.  have  itruged  FeCl-  doped  polythiophene,  I-doped  Shirakawa 
polyacetylene  and  diin  Blms  of  undoped  poly(4,4*-dibutyl-2,2'-lnthiophene)  (D3I0).  The 
pol^iophene  has  a  lamella-like  structure  and  show  low  or  undoped  islands  surrounded  by 
rnghly-doped  regions.  Mizes  et  al.  have  used  STM  and  AFM  to  image  the  growth  and  fibrillar 
nature  of  nlms  of  doped  and  undoped  polyai^lene  ^y(3-hexylthio^i^)  and  ptriystyrene  and 
discuss  the  limitations  of  these  techn^ues  in  obtaining  atomic  resolution  (D311).  Fuchs  et  al. 
imaged  polyfl-buteneXI)  films  on  IK>PG  and  have  observed  100  nm  flakes  (D3J2).  Oka  and 
Takahasni  observed  dte  slightly  otilapsed,  global  shape  of  iodine-doped  pdyfN-vinylcarbazde) 
dqrosired  on  1K>PG;  howeWr,  th^  were  mn  able  to  resolve  any  det^  of  ptdyt^  structure 
(D3I3).  Wang  etal.  studied  die  efrecttrfdiffemit  anodization  conditions  on  the  niotphology  and 
conductivi^  ^  pctiyphe^  layers  on  GC  surfaces  (D314).  Yang  et  al.  have  also  studied  chain 
conformation,  nucleation  and  film  growth  and  the  effect  of  counterion  doping  on 
polypyrr(de4Kdy(4-styrenesulfonate)  on  graphite  and  Au/Si  surfaces  (D3I5). 
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Molecular  Films.  Several  authors  have  used  STM  to  investigated  the  ordering  of  liquid  crystals, 
such  as  the  alkylcyanobiphenyls,  on  various  surfaces,  including  M0S2  ai^  graphite  (D316, 
D317,  D3I8,  D3I9,  0520,  D32I).  Nejoh  has  also  investigated  the  orientation  and  chemical 
bonding  of  liquid  crystals  on  a  polyimide  surface  by  several  techniques  including  XRD,  STM, 
and  XPS  and  compa^  these  results  to  self-consistent  MO  calculations  (D322). 

Cap  has  been  imaged  on  both  Au  and  graphite  substrates  (D323).  Chen  et  al.  have 
obtained  high  intramolecular  contrast  in  imaging  a  monolayer  of  Cao  on  Au  and  find  that  every 
other  C  atom  is  imaged  (D324).  STM  images  of  Cao  overlayers  on  GaAs(l  10)  show  a  well 
ordered  structure,  commensurate  with  the  GaAs  surface,  and  two  types  of  adsorption  sites,  one 
being  elevated  due  to  stress  in  the  C^  monolayer  (D325).  Li  et  al.  have  used  STM  to  study  the 
differences  in  monolayer  and  multilayer  structures  of  Cao  grown  on  GaAs(l  10)  at  various 
temperatures  and  the  effect  of  potassium  incorporation  into  Cao  (D326).  Snyder  et  al.  have  used 
AFM  to  image  Cao  deposited  on  CaF2( 111)  (D327). 

Leung  et  al.  have  used  SIT^  to  image  both  single  chains  and  ordered  monolayers  of 
polydiacetylene,  which  has  non-linear  optical  properties,  on  HOPG  and  discuss  the  role  of  H 
bonding  between  polymer  chains  (D328).  Hawley  and  Benicewicz  have  investigated  the 
attachment  of  rigid  pendent  groups  to  the  polymer  backbone  and  the  effect  of  salt  concentrations 
on  the  morphology  of  a  wholly  aromatic  polyamide  dei^ited  on  HC^  (D329).  Fujiwara  et  al. 
have  imaged  a  polyimide  LB  film  based  on  pyromellite  dianhydride  and  4,4'-oxy^aniline  on 
graphite  and  compared  the  alignment  of  the  polymer  chains  to  molecular  dynamics  calculations 
(D330). 

Hansma  et  al.  discussed  the  usefulness  of  the  AFM  in  determining  the  thickness  and 
quality  of  LB  films  and  presented  images  of  Cd  arachidate  monolayers  on  mica  showing  surface 
defects  (D33I).  Bourdieu  et  aL  have  lued  AFM  and  optical  microscopy  to  characterize  LB  films 
of  arachidic  add  and  find  tiiat  the  film  roughness  and  tiuckness  of  the  layers  corresponds  to  the 
fully  extended  aliphatic  chains  on  the  substrate  (D332).  Meyer  et  al.  have  also  c^tained  AFM 
images  of  Cd  arachidate  (on  Si)  and  suggest  that  the  organited  film  has  an  cffthraiiombic  or 
monoclinic  crystal  structure  which  is  inde^ndent  of  the  substrate  periodkity  (D333). 

Weisenhorn  et  al.  have  imaged  LB  films  of  the  lipids  DL-a  - 
dimyristoylphosphatidylethanolamine,  L-a-dimyristoylphosphatidylglycerol, 

dioctadecyldimethylammonium  bromide  (DODAB),  and  1:1  DODAB/L-a- 
dipalmitoylphosphatidylglycerol  with  molecular  resolution  under  buffer  solution  using  AFM 
(D334).  The  authors  jpresent  images  of  DNA  adsorbed  on  these  fUms  and  discuss  their 
usefulness  as  substrates  m  Innding  odier  macromolecules. 

Yang  et  al.  have  obtained  atomic  resolution  STM  images  of  poly-a-D-glucose  which 
show  only  oxygen  atoms  and  discussed  this  result  in  terms  of  x-ray  diffraction  studies  (D335). 
McMaster  et  al.  have  imaged  an  ordered  crystalline  array  of  polyfy-benzyl  L'glutamate)  and 
discuss  tlte  role  of  the  benzyl  substituents  in  the  observed  a-helical  structure  (D336).  Shigekawa 

et  al.  observed  that  inclusion  nxriecules  (1-adamantanemethaiKd)  added  to  a  mixture  of  a  and  P 
cyclodextrins,  which  form  an  ordered  array  on  HOPG,  results  in  the  disruption  of  the  regular 
structure  (D337).  Heckl  and  Smith  have  applied  a  high  electric  field  to  a  thin  film  of 
glutaraldehyde  on  HOPG  to  form  clusters  and  suggest  that  this  may  cause  the 
electropolymerization  of  the  mdecules  (D338).  They  extet^  their  results  to  a  discussion  of  the 
role  (rfiat^  charge  transfer  in  imaging  low  conductivity  sanqiles. 

Vandenbeig  et  al.  have  used  STM  to  study  the  morplKriogy  of  S-aminojm^yl  triethoxy 
silane  films  deposited  on  Si02  surfaces  under  various  conditions  of  solvent,  heat,  time,  and 
curing  environments  (D339). 

Dawson  et  al.  have  used  STM  to  measure  the  surface  roughness  of  benzoic  acid 
derivatives  on  thermally  evaporated  Ag  films  as  a  function  of  deposition  rate  (P340).  Rabe  and 
Buchholz  have  imaged  die  lanaellMr  structure  of  long  chain  alkanes,  alcohols,  fatty  acids,  and 
dialkybenzene  on  H(KK}  (D341).  McGonigal  et  al.  have  also  imaged  the  two-dimoisional 
ordering  of  n-alkane  and  n-alkamd  layers  on  HOPG  (D342).  Armstrong  and  Muller  have  used 
STM  to  investigate  benzotriazxde  fil^  on  Cu  (D343).  LB  films  of  braenic  acid,  a  fatty  acid 
bilayer,  deposit^  on  IK)PG  show  two  types  of  periodic  molecular  arrangements  (D344).  Rabe 
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and  Buchholz  have  used  STM  to  investigate  the  modon  of  domain  boundaries  within  a  molecular 
monolayer  which  forms  a  2D  polycrystal  at  the  interface  between  the  basal  plane  of  graphite  and 
a  solution  of  didodecylbenzene  (D345).  AFM  images  of  platelet-type  monocrystals  of  linear 
alkanes,  n-tritriacontane,  n-hexatriacontane,  cyclic  alkanes,  cyclooctatetracontane,  and 
cyclodoheptacontant  all  showed  a  regular  surface  structure  (D346). 

Widrig  et  al.  have  obtained  atomic  resolution  of  monolayer  films  of  ethanethiol  and  n- 
octadecanethiol  adsorbed  on  Au(lll)  (D347).  These  latter  films  form  hexagonally  packed 

arrays,  in  agreement  with  He  diffraction  data  which  shows  a  V3  xVS  R30°  structure.  Defect 
structures  in  a  self-assembled  insulating  monolayer  of  CH3(CH2)i7SH  on  Au(l  11)  have  been 
imaged  by  electrochemically  depositing  metal  islands  in  the  defect  areas  {0348).  DeKoven  and 
Meyers  found  that  polycrystalline  Fe  surfaces  exposed  to  perfluorodiethyl  ether  exhibited  two 
distinct  friction  coefficients  which  conesponded  to  two  morphologically  d^erent  regions  on  the 
surface  (D349). 

Keita  and  Nadjo  have  imaged  a  regular  pmodic  pattern  of  H3PW12O40  deposited  on 
HOPG,  suggesting  that  individual  molecules  are  imaged  (0350).  Weinrach  et  al.  dscuss  the 
superstructure  and  CDW  superstructure  observed  in  images  of  a  trapped-valent  linear-chain 
semiconductor  K4[Pt2(P2O5H2)4Brl3H20  (0351). 

Miscellaneous  Studies.  Li  and  Lindsay  have  (fevised  a  lateral  and  vertical  calibration  standard  fcH- 
the  AFM  (fw  the  nanometer  to  micron  range)  which  involves  the  deposition  of  polystyrene  latex 
speheres  onto  mica  to  form  crystalline  layers  in  a  cubic  (v  hexagon^  close-packed  arrangement 
(0352). 

The  morphology  of  a  monolayer  of  Ag  particles  formed  in-situ  in  aqueous  Na 
bis(ethylhexyl)  sulfosuccinate  and  Ca  alkylarylsulfonate  sufactant  reversed  micelles  and 
depositkl  onto  a  solid  substrate  was  determine  by  STM  and  dynamic  light  scattering  (0353). 

STM  and  AFM  have  been  used  to  characterize  the  nxrrphology  and  thickness  of 
illite/smectite  particles  from  the  North  Sea  Jurassic  oil  source  rock  (0354). 

Rauf  and  Walls  have  compa^  TEM  and  STM  images  of  ITO  fUms  and  found  that  the 
two  techniques  give  generally  consistent  data;  however,  the  grain  size  in  the  STM  images  is 
larger  than  in  the  TEM  images  (0355). 

D.8  Crystalline  Molecular  Solids 

STM  studies  of  several  different  conductive  organic  charge  transfer  systems,  including 
TCNQ  complexes,  polymeric  complexes,  OTganic  superconductors  (0356) ,  and  the  charge- 
transfer  complexes  of  TCNQ-salts  have  been  reported  (0357,  0358,  0359,  0360,  0361, 
0362).  The  morphology  and  electronic  properties  of  BEDT-TTF 
[bis(ethylenedithio)iBtrafulvalene)]  and  TMTSF  (tetramethyltetraselenafulvalene)  charge-transfer 
complexes  have  been  extensively  studied  using  STM  and  TS  (0363, 0364, 0365, 0366, 0367, 
0368, 0369, 0370). 

Ovemey  et  d.  have  used  AFM  to  assign  lattice  parameters  and  identify  two  ttanslationally 
inequivalent  molecules  in  the  unit  cell  of  a  free  standing  tetracene  crystal  (0371).  Attmiic 
resolution  on  different  faces  of  the  conductive  perylene  radical  cation  hexafluorophosphate 
crystals  have  also  been  obtained  using  AFM  and  STM  and  discussed  in  relation  to 
crystallographic  data  (0372).  AFM  was  u^  to  examine  the  large  scale  morphology  and  atomic 
structure  of  single  crystal  j)oly[2,4-hexadiynylenebis(p-fluorobenzenesulfonate)]  and  its 
corresponding  monomer  (0373). 

Gratz  et  al.  have  investij^ed  the  importance  of  ledge-motion  to  the  dissolution  and 
growth  of  tilicates  and  present  AFM  images  during  the  dissolution  of  quartz  (0374).  Shindo  et 
have  used  AFM  to  image  the  arrangement  of  O  atoms  and  wmer  mdecules  on  die  surface  of 
cleaved  gypsum  (CaSO4*ffl20)  (0375).  AFM  was  used  to  image  Kr-ion  tracks  on  mica.  In  this 
latter  study,  changes  in  the  ela^  properties  of  the  mica  could  be  deduced  on  a  nanometer  scale 
(0376). 

Joisen  et  aL  (0377)  have  used  STM  to  image  a  zedite  pore  in  silicalite.  MacDougall  et  al. 
(0378)  have  used  AFM  to  inu^  the  crystal  planes  of  several  natisal  zeolites  including  scolecite, 
stilbite,  and  faujasite  both  in  air  and  under  acpieous  solution. 
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Meyer  et  al.  have  obtained  atomic  resolution  on  surfaces  of  epitaxially  grown  AgBr(001 ) 
nims  using  AFM  and  suggest  that  only  Br  atoms  are  imagedfDi79,  D380).  AFM  images  of 
single  cry^  sodium  decatungstocerate(IV)  indicates  that  only  the  (010)  face  of  the  crystal  has  a 
regular  arrangement  of  anions  (D381).  AFM  has  been  used  to  image  the  (ClOl)  and  (1(X))  faces 
of  aspiin  crystals  in  air  and  water  to  determine  how  the  different  molecular  structures  at  each  face 
relate  ro  the  differences  in  the  dissolution  rates  (D382). 

Slawska  et  al.  have  used  STM  to  investigate  the  effect  of  ion  irradiation  on  the 
morphology  of  FeCrSiB  amorphous  ribbons  (D383).  Fukumoto  et  al.  have  obtained  atomic 
resolution  STM  images  of  hexagonal  boron  nitride  films  grown  on  graphite  by  plasma  chemical 
vapor  deposition  (D384). 

D.9  Biological  Molecules 

Thompson  and  Elings  have  reviewed  applications  of  STM  and  AFM  in  biological 
sciences  (D385).  Conductive  organic  monolayers  and  nucleic  acids  have  been  imaged  on  silicon 
(D386)  using  STM.  Techniques  to  reduce  tip-surface  interactions,  which  can  easily  displace 
biomolecules  and  lead  to  irreproducible  images,  are  discussed  in  the  same  report  Images  of 
organic  and  biological  molecules  can  be  improved  by  immersing  samples  in  a  50%  glycerol- 
water  solution  (D387).  Two-dimensional  arrays  of  electroactive  and  pl^toactive  proteins 
suitable  for  STM  imaging  have  been  prepared  using  either  a  Lan^uir-Blodgett  technique  an^tnr 
adsorption  method  (D388).  For  example,  using  the  Langmuir-Blodgett  technique,  densely 
packed  quasi-re^lar  mono  and  bimolecuW  films  of  gramicidin  A  are  formed  on  HOPG.  Single 
molecules  were  imaged  which  show  a  cavity  of  0.4  nm  in  halfwidth,  consistent  with  molecular 
noodels  (D389). 

Leatherbairow  et  al.  have  used  STM  to  examine  immunoglobin  G  (IgG)  molecules 
deposited  onnaphite  and  confinned  their  trilobed  structure  as  shown  in  x-ray  cryuallographic 
images  (D390).  Unlabeled  IgG  antibodies  complexed  with  Au-labeied  antigen  and  Au-labeled 
IgG  antibodies  have  also  been  imaged  by  STM.  Details  of  their  molecular  txganization  have 
been  reported  (D391). 

Images  of  glycogen,  phosphorylase,  and  phosphorylase  kinase  on  HOPG  have  been 
reported  and  cmrelat^  with  measurements  using  t^er  techniques;  anomously  low  values  of  the 
apparent  height  of  these  molecules  are  observed  using  STM  (D392).  STM  has  also  been  used  to 
image  pho^horylase  kinase  and  dimers  and  oligomers  of  phosphorylase  b  immobilized  on  a 
charged  HOPG  surface  (D393). 

Miwa  et  al.  investigated  a  Ca^'*'  sensitive  monolayer  protein  membrane  prepared  by 
conjugating  calmodulin  and  bovine  serum  albumin  at  the  air-water  interface  (D394).  D^nding 
on  Ae  Ca^-**  concentration  ,  the  protein  film  changes  fitom  an  extended  structure  (with  Ca^'*')  to  a 
contracted  structure  (no  as  a  result  of  ctmfonnational  changes  in  the  calmodulin. 

hnages  of  tetrameric  cytokeratin  a-helical  protein  (D395)  and  the  globular  proteins, 
lysozyme  and  chynootrypsinogen  A  (D396),  deposited  from  solution  on  graphite  have  dso  been 
reported.  In  the  case  of  lysozyme,  a  two-dimensional  array  is  observ^  with  a  characteristic 
periodicty  that  is  dependent  on  the  initial  concentration  of  the  protein  in  solution.  For 
chymotrysinogni  A,  smaller  areas  consisting  of  a  two-dimensional  structure  were  also  observed. 
Pizziconi  andftge  have  imaged  laminin,  a  9(X),(X)0  MW  glycoprotein,  in  phosphate  buffer  on 
HOPG  and  confirm  previous  electron  microscopy  images  slrowing  the  cruicuorm  structure  of  die 
ptot^  (D397).  Yeung  et  aL  inuged  the  lipoprotein  ice  nucleator  (LPIN)  firom  the  hemolynmh 
ofTipuia  trMtUtta  and  the  non-ice-nucleating  lipoprotein  from  Manduca  sexto.  (D398) .  In  the 
former  case,  the  LEIN'S  fonned  aligned  chain  structures  with  a  widdi  equal  to  two  lipt^icoteins. 
Two  apolipoproteins  of  the  LPIN,  Apo-I  and  Apo-n,  were  also  imaged  and  have  a  plate-like 
moqdioiogy.  Amrein  et  al.  have  conqiared  STM  and  TEM  images  cn  the  hexagonally  packed 
proi^  monolayer  found  in  the  outer  cw  wall  of  DemococaisrwwdMranr  (D399). 

29iu  et  al.  imaged  the  right-handed  helical  strucuture  of  calf  skin  collagen  molecules 
adstnbed  on  graphite  and  measured  a  periodicity  of  -31  A,  in  agreement  with  previous 

btochemfoal  studies  (D400).  Miles  et  al.  ima^  the  spiral  structure,  based  on  ^reverse  turns,  of 
the  ela^omeric  wheiu  glutni  proteins  (0401).  Masai  et  al.  observed  the  sheet-^pe  paractystal 
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form  of  fibrous  actin  when  deposited  in  the  presence  of  MgCl2  on  HOPG  and  allowed  to  air  dry 
(D402). 

One  of  the  four  DNA  bases,  guanine,  was  imaged  as  a  two-dimensional  ordered  array 
composed  of  closed-packed  linear  chains  of  hydrogen- bonded  molecules  on  HOPG  and  M0S2 
substrates  (D403).  Images  of  aggregates,  as  well  as  individual  molecules,  of  16S  rRNA 
electrt^horetically  deposited  on  HOrc  in  water  were  in  agreement  with  EM  data  (D404).  Keller 
et  al.  imaged  RNA  polymerase,  from  Escherichia  coli,  electrodeposited  on  atomically  flat  Au 
surfaces  in  both  water/glycerol  and  high  humidity  environments  (D405).  The  molecule  appeared 
as  either  ordered  arrays,  amorphous  features,  or  jaw-shaped  molecules.  Hme  dependent  studies 
were  done  to  determine  the  binding  mechanism  of  the  protein. 

Imaging  DNA  under  ambient  conditions  and  in  real  time  is  one  of  the  more  popular 
research  goals  due  to  the  potential  for  sequencing  DNA  using  STM.  Lindsay  and  Philipp  have 
discussed  the  potential  success  and  difficulties  in  using  STM  to  sequence  DNA  (D406).  (See 
also  the  section  on  "Carbon"  regarding  suspect  molecular  structures  observed  on  HOPG.)  DNA 
has  been  imaged  in  air  on  a  graphite  substrate  during  replication  for  the  Hrst  time  (D407). 
Youngquist  et  al.  discuss  contrast  mechanisms  for  imaging  DNA  (D408). 

Images  showing  atomically  resolved  features  of  the  DNA  molecule  on  HOPG  are 
presented  and  compared  to  a  model  of  the  van  der  Waals  surface.  Uncoated  DNA  molecules 
with  an  activated  tris(l-aziridinyl)phosphine  oxide  solution  have  been  imaged  on  Au  substrates. 
The  molecules  are  several  hundr^  angstroms  long  with  a  regular  intra-periodicity  of  25-35  A 
(D409).  High  resolution  images  show  the  phosphate  groups  on  the  DNA  backbone  in  the  minor 
groove.  Cricenti  et  al.  have  reported  tentative  observations  of  the  phosphate  and  sugar  group 
components,  as  well  as  the  bases,  of  uncoated  single-strand  DNA  mixed  with 
benzyidimethylalkylammonium  chloride  and  deposited  on  Au  substrates  (D410). 

A  method  for  covalently  attaching  mercurated  DNA  to  a  -SH-niodified  graphite  surface 
have  been  reported.  The  covalent  attachment  reduces  the  mobility  of  die  DNA  (Mil).  Bai  et  aL 
have  identified  several  forms  of  DNA  including  a  braided  triple-stranded  structure,  ri^ht-handed 
and  left-handed  double  helical  forms,  and  a  tertiary  structure  (M12).  Li  et  al.  have  imaged  the 
B-form  of  DNA  from  fish  sperm  and  calf  thymus  and  the  poly(dG-me5dQ  and  bromized  poly- 
dCG  Z-form  of  DNA  (D413).  Allen  et  al.  imaged  synthetic  DNA  on  HOPG  following 
desorbtion  of  the  DNA  fiom  the  tunneling  tip  by  a  voltage  pulse  (M14).  The  DNA  molecules 
appeared  to  be  deposited  singly  or  in  hi^y  oriented  groups. 

In  tunneling  spectroscopy  experiments,  Lind»y  et  al.  adstvbed  submonolayer  quantities 
of  DNA  in  tris(hydroxymethyl)aminomethane  buffer  onto  Au  electrodes  and  monitored  the 
current  vs  voltage  (I-V)  curves  over  the  DNA  patches  and  the  clean  Au  surface  (MIS).  The  I-V 
curves  over  the  DNA  patches  did  not  depend  stnmgly  on  the  tip  bias  and  display  diode-like 
charateristics.  Lindsay  et  al.  have  also  debited  DNA  onto  graphite  and  Au  modified  with  Cl' 
ions  and  tris(hydroxyinethyl)aminoa]ethane  buffer  (M16).  Reinxiducible  results  were  obtained 
only  for  positively-charged  Au  modiBed  electrodes  in  the  presence  of  DNA  fragments  and  the 
salt,  making  the  images  difficult  to  interpret 

AFM  has  also  been  used  to  study  DNA  as  well  as  other  biological  molecules.  Hansma  et 
al.  obtained  AFM  images  d  single-stranded  DNA  with  nucleotide  resolution  using  two  different 
sample  preparation  techniques.  In  one  method,  the  DNA  was  covalently  attached  to  a 
polymerized  lipid  monolayCT  and  subs^uently  imaged  under  water.  The  second  method 
consisted  of  atborbing  DNA  on  mica,  rinsing  with  a  Ba(N03)2  solution,  and  imaging  under 
ethanol  (M17).  The  authon  discussed  problems  associated  with  sequencing  DNA  using  the 
AFM. 

Friedbacher  et  al.  obtained  atomically  resolved  images  of  pressed  powder  samples  of 
pisiiM)  clam  and  sea  urchin  shells  using  A^  (M18).  Hansma  et  al.  used  AFM  to  obtain 
molecular  resolution  images  of  IgM  and  UV  light-polymerized  films  of  the  lipid  dimethyl- 
bis(pentaa»adiynoyloxyethyl)ammonium  bromide  (M19).  The  pdar  head  groups  of  the  lipid 
could  be  imag^.  Schott  et  al.  used  fluorescence  microscopy  and  AFM  to  investigate  the 
meciffc  recognition  and  binding  of  a  biotinylanxl  lipid  layer  and  stieptavidin  (M20).  and 
flixnescence  microscopy  confra  that  streptavidin  is  adsorbed  only  to  die  fluid  matrix  of  the 
conqxessed  lipid  monolayer  at  the  electrolyte-lipid  interface.  The  hydrated  inotein  surface  layer 
of  Deinococcus  radiodurtms  has  been  imaged  using  the  attractive  imaging  mode  of  the  AFM 
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(D421).  Two  forms  of  fibrinogen,  a  trinodular  and  globular  form,  have  been  imaged  on  Si02 
surfaces  using  AFM  (D422). 

The  photon  scanning  tunneling  microscope  (PSTM),  which  relies  on  the  tunneling  of 
photons  from  an  evanescent  wave  to  a  sharpened  opdcal  fiba  probe  tip,  is  useful  for  examining 
electrically  insulating  samples  including  biologic^  molecules.  Ferrell  et  al.  have  constructed 
several  PSTM's  and  presented  preliminary  images  of  E.  coli.  (D423). 
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E.  SURFACE  MODIFICATIONS 

STM  and  AFM,  which  are  based  on  physical  interactions  between  the  probe  tip  and  the 
substrate,  can  alter  and/or  damage  the  surface  being  imaged.  In  favorable  circumstances,  tip 
interactions  can  be  employed  to  intentionally  modify  the  surface  or  to  arrange  molecular  or 
atomic  species  in  a  specified  pattern  that  introduces  some  desired  interfacial  property.  Most 
research  in  this  area  during  the  past  year  focused  on  key  issues  underlying  the  mechanism  of  tip- 
induced  surface  alterations  or  on  "proof  of  concept"  demonstratitms  of  manipulating  nanometer¬ 
sized  structures.  Related  articles  are  discussed  in  above  sections  on  "Theory"  and 
"Instrumentation  and  Probe  Tips". 

Alterations  of  metal  surfaces  during  STM  scanning  has  been  reported  by  serveral  groups. 
Ohmori  et  al.,  for  instance,  studied  the  morphological  changes  on  samples  of  Pd  and  Pt  and 
found  that  the  surface  roughness  of  these  metals  decreased  during  imaging  (El).  The  authors 
propose  that  electrostatic  forces  between  the  STM  tip  and  metal  surface  are  responsible  for  this 
phenomenon.  Roberts  et  al.  generated  rectangular  pits  in  polycrystalline  Au  by  scanning  a  small 
portion  of  the  surface  at  a  high  tip  bias  in  an  Ar  atmosphere  (E2).  They  also  investigated  the 
annealing  of  the  pits  as  a  function  of  time.  The  decay  of  surface  plasmon  polaritons  in  an  Ai-I- 
Au  thin  film  tunnel  junction,  as  evidenced  by  the  decay  of  visible  light  emitted  from  the  Au-air 
interface,  was  shown  to  result  from  smoothing  by  surface  diffusion  in  areas  where  the  tip 
contacted  the  surfacefEij.  Shear  and  compressive  forces  exist  between  the  tunneling  tip  and 
sample  surface  during  scanning  and  have  b^n  discussed  in  relation  to  anourous  corrugations 
and  elastic  and  plastic  deformations  that  are  observed  in  STM  topographic  images,  and  in  relation 
to  anomously  low  values  obtained  for  tunneling  barrier  heights  (E4).  Meepagala  et  al. 
simultaneously  measured  the  tunnel  current  and  force  between  an  Au-coated  AFM  tip  and  Au 
sample  under  atmospheric  conditions  and  discuss  the  effects  of  surface  contaminants  (E5). 

STM  tips  can  also  be  used  as  miiuature  evapcvation  sources  for  atom  deposition.  Mamin 
et  al.,  for  example,  have  used  a  gold  STM  tip  as  a  solid-state  emission  source  for  deposition  of 
nanometer-siz^  Au  clusters  (E6).  Field-ion  STM  (FI-STM)  has  been  used  to  investigate  the 
degree  of  adsorption  of  alkali  metals  (e.g.,  Cs,  K,  and  Li)  on  Si  (1 1 1)  and  Si(lOO)  siufaces  (E7, 
E8). 

Surface  modification  at  the  nanometer  scale  has  potential  applications  in  the  manufacture 
of  information  storage  devices,  although  it  is  noted  that  current  SIM  and  AFM  systems  are  too 
slow  for  any  form  of  large  scale  device  manufacturing.  Hartmann  et  al.  have  written 
electronically  active  nanometer-scale  structures  in  a  Si  p-n  junction  using  high  current  densities 
from  an  STM  tip  with  the  p-n  junction  biased  in  tiie  forward  direction  (E9).  Lithography  on  EH- 
V  semiconductor  substrates  using  an  STM  probe  has  been  discussed  as  a  means  of  generating 
nm  scale  oxide  masks  fOT  use  in  the  manufacture  of  low-dimensional  heterostructures  (ElO, 
Ell).  Dobisz  and  Martian  have  compared  the  minimum  developed  linewidtiis  achievable  by 
nanolithography  with  the  STM  tip  (27  nm)  with  those  obtained  by  exposure  to  a  17  nm  SO  kV 
electron  beam  (95  nm)  (E12).  Using  a  STM,  Casillas  et  al.  have  fabricated  S-36  nm  radius 
inlaid  Pt  disks  on  the  surface  of  HOi  (£75)  and  Fuchs  and  Schimmel  have  demonstrated  surface 
modification  of  atomically  flat  areas  of  a  p-doped  layered  semiconductor,  WSe2(£74). 
Nanometer  scale  structures  on  graphite  have  been  generated  in  the  presence  of  MesAl  under 
different  tip  biasing  and  tunneling  current  conditions  (E15). 

Ei^er  et  al.  have  demonstrated  a  prototype  of  an  atomic  bistable  switch  based  on  a  Xe 
atom  ,which  can  be  positoned  on  either  the  STM  tip  or  Ni  surface  by  applying  a  voltage  pulse 
(E16).  Lyo  and  Avouris  have  also  dicussed  the  use  of  STM  to  falcate  new  electronic 
devices  by  applying  voltage  pulses  to  the  STM  tip  to  manipulate  atoms  (£77). 
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F.  ELECTROCHEMICAL  STM  AND  AFM  STUDIES 
and  SCANNING  ELECTROCHEMICAL  MICROSCOPY 

STM  and  AFM  are  particularly  well-suited  for  studies  of  electrodes  immersed  in 
solutions,  providing  the  first  opportunities  for  electrochemists  to  examine,  in-situ,  potentisd- 
dependent  reconstructions  and  adsorption  phenomena  at  the  atomic  and  molecular  level. 
Imaging  systems  for  in-situ  studies  were  develop*^  in  the  late  1980's  and  are  not  reviewed  here; 
home-built  and  commerical  STM  with  capabiUdes  for  in-situ  electrochemical  measurements 
generally  allow  for  simultaneous  control  of  the  tip-to-substrate  bias  and  the  bias  between  the 
substrate  and  an  electrochemical  reference  electrode.  In  addition,  the  tip  in  an  electrochemical 
STM  experiment  must  be  insulated  except  at  the  veiy  end  in  order  to  reduce  background  faradaic 
currents  that  interfer  with  measurement  of  the  tunneling  current.  These  difficultites  are 
circumvented  by  use  of  AFM,  which  has  been  more  frequently  employed  during  the  past  few 
years. 

Yaniv  and  McCormick  reported  an  electrochemical  system  with 
potentiostatic/galvanostatic  control  of  the  sample  and  potentiostatic  c^abilities  of  the  STM  tip, 
and  used  this  system  to  deposit  Cu  and  Cd  on  HOPG  and  GC  (FI).  Application  of  the 
electrochemical  STM  in  studies  of  the  electrochemical  double  layer  structure  (F2)  and  use  of 
imaging  tunneling  spectroscopy  as  a  tool  for  spatial  mapping  of  the  surface  electronic  properties 
of  electrodes  in  solution  {F3)  have  been  discussed. 

Honbo  and  Itaya  have  studied,  in-situ,  the  electrochemical  oxidation  of  Au(lOO)  in 
aqueous  perchloric  acid  and  monitored  the  island  growth  mechanism  of  the  AuOH  layer  (F4). 
Binggeli  et  al.  have  compared  the  morphology  of  electrochemically  polished  Au(l  1 1)  electrodes 
in  the  presence  and  absence  of  Pb  adsorbates  during  polarization  of  the  electrode.  The  transition 
from  tunneling  to  point  contact  was  observed  at  a  tunneling  resistance  of  ~2xl0^  G,  in  agreement 
with  vacuum  results  (FS). 

Trevor  and  Chidsey  studied  at  the  annealing  of  Au(l  1 1)  surfaces  in  an  electrochemical 
cell  using  STM  and  find  Aat  the  process  was  dominated  by  the  motion  of  step-edge  adatoms 
rather  than  terrace  atoms.  They  suggest  that  pit  nootion  results  from  random  diffusion  of  step 
adatoms  (F6).  Holland-Moritz  et  al.  have  observed  both  reversible  and  irreversible  roughening 
of  the  Au(l  1 1)  surface  in  KQ  and  a  dependence  of  the  surface  roughness  on  the  omcentration  of 
AgNOa  and  AgQ04  solutions  (F7).  Tao  and  Lindsay  have  shown  that  Au(l  11)  reconstructs  to 

Vs  X  22  the  surface  in  the  presence  of  H2O,  HOO4  and  NaH2F04(F^).  Weaver  and  coworkers 
have  also  reported  atomically-resolved,  potential-dependent  reconstructions  of  Au(lOO)  (F9) 
and  Au(l  1 1)  in  aqueous  HCIO4  (FIO).  McOuiey  ai^  Bard  found  that  dosing  Au(l  1 1)  surface 

with  aqueous  KI  resulted  in  a  (SVSxSVsiR  30°  adlattice  structure  (DU). 

AFM  has  been  enqrloyed  to  study  the  disordered  oxide  on  Att(ll  1)  in  aqueous  perchloric 
acid  under  potential  control  (F12)  and  to  obtain  atomically  resolved  images  of  a  Cu  monolayer 
lattice  on  an  Au(l  1 1)  electrode  while  under  potential  control  in  various  electrolyte  solutions 
(F13).  Endo  et  al.  itiuged  the  initial  stages  of  island  growth  for  Ag  electrodeposited  on 
Au(l  1 1)  under  potential  control  (F74). 

Qppenheim  et  al.  studied  surface  diffusicm  in  Ag-Au  alloys  in  dilute  perchloric  acid  and 
discuss  their  results  widiin  the  framework  of  the  Idnk-ledge-tenace  model  of  crystal  surfaces  and 
iiMdels  of  alloy  corrosion  based  on  percolation  theory  (F15).  The  anodic  dissolution  of  Cu 
from  a  Cu-Au  alloy  in  the  presence  and  absence  of  an  inhibitor  has  also  been  reported  and 
compared  to  SEM  results  (FI6,  FI7). 

Hoqrfroer  et  al.  have  studied  chemically  polished  noacroelectrodes  and  electrolytically 
grown  mictoelecttodes  in  air  and  under  potentiid  control  in  aqueous  solutions.  In  contrast  to  the 
mactoelectrodes,  die  mictoelectiodes  have  large  atomk^lly  flat  terraces  sqiarued  monoatomic 
steps.  Dynamics  of  these  steps  under  anodic  and  cadiodic  pdarization  was  studied  as  well  as  the 
nucleation  and  growth  of  Pb  electrodeposited  on  Ag(l  1 1)  macroelecttodes  (FIS).  Several 
authors  have  discussed  the  effects  of  electrochemical  oxidation-reduction  cycles  on  the 
morphology  of  Pt(lll),  Rh(lll),  and  Pd(lil),  and  polycrystalline  Al  and  Fe  in  aqueous 
H2SO4.  NaOa  borate  buffer  and  HCIO4  (FI9,  F20,  F2I.  F22). 

Si  surfaces  have  also  been  imagnl  under  H2SO4  with  atomic  resolution  using 
electrochemical  STM  under  potentiostatic  control  (F25).  Surface  roughening  during  anodic 
photocofTosion  of  n-GaAs(lOO)  has  also  been  described  (F24).  The  morphdogy  of  films 
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deposited  on  an  arachidic  acid  monolayer,  Ti-foil,  HOPG,  and  indium-coated  copper  were 
investigated  using  STM  (F2S).  Sakamaki  et  al.  studied  local  light-induced  structural 
transformation  takes  occur  on  the  M0S2  (0001)  surface  in  acetonitrile  (F26,  F27)  . 

Srinivasan  et  al.  have  obtained  molecular  resolution  images  of  electrochemically 
condensed  layers  of  guanine  on  graphite  under  potential  control  (F28). 

IR  reflection-adsorption  spectroscopy  has  been  combined  with  STM  to  characterize  the 
CO  adlayer  on  Rh(l  1 1)  in  aqueous  solutions  (F29).  Depending  on  the  applied  potential,  two 

different  structures  are  obtained  ctmesponding  to  the  (2x2)-3CO  and  (3xV3  rect)-4CO  unit  cells. 
The  preference  for  one  unit  cell  over  another  at  a  specific  applied  potential  was  explained  in  terms 
of  the  extent  of  die- 271*  metal-CO  back-bonding.  In-situ  IR  spectroscopy  and  electrochemcial 
STM  have  been  used  to  study  CO  on  Pt(l(X))  after  replacement  of  iodine  by  the  CO  (D30).  In 
the  presence  of  iodine  adlayers,  large  (1x1)  terraces  are  evident;  however,  upon  exposure  to 
aqueous  CO  the  number  of  smaller  (1x1)  islands  increases  and  coalesce  at  positive  potentials. 
The  results  are  discussed  in  terms  of  the  predominance  of  either  bridge-bound  or  atop 
coordinated  CO  molecules. 

Chang  et  al.  have  correlated  the  outer-sphere  electron-transfer  rates  of  eight 
Co^^^NHslsX  complexes  (where  X  =  NH3,  F',  OSf^s^*,  OH2.  acetate^  and  three  organic 
carboxylates)  complexes  to  the  spatially  resolved  adlattice  sites  in  (V?  x  V?)  and  (3x3)  iodine 
covered  Pt(l  1 1)  surfaces  (F3I).  Reactants  which  ctmtain  only  inorganic  ligands  have  a  higher 
kapp  on  the  (V?  x  V?)  than  on  the  (3x3)  lattice  while  those  complexes  containing  aromatic 
carboxylate  ligands  show  no  adlattice  preference. 

Scarming  electrochemical  microscopy  (SECM),  developed  ^  Bard  and  cowMkers,  is  a 
scanned-ptobed  nucroscopy  based  on  measuring  the  rate  of  faradaic  reactions  at  the  probe  tip. 

Although  the  spatial  restriution  of  SECM  (typically  0.5  pm  or  larger)  does  not  qipr^h  that  of 
STM  or  AFM.  the  technim  has  some  unique  crquibilities  for  investigating  the  chemical  activity 
and  physical  properties  of  heterogenous  surfaces.  BaidetaL  have  reviewed  the  principles  and 
instrumentation  of  SECM,  as  weU  as  applications  for  fundamental  studies  of  electrodes, 
minerals,  and  bktiogical  sarqile  (jFS2).  A  transient  SECM  lechniqoe  has  also  been  repcxtul  by 
the  same  group  that  allows  measurement  of  the  diffusion  coefficient  of  a  redox  species  in 
solution,  independent  of  cocentiation  and  the  number  of  electrons  involved  in  the  reactions 
(F33),  Anson  and  coworicen  have  also  described  SECM  imaging  of  small  Pt  disk  electrodes 
iF34). 

Scott  et  aL  have  employed  an  SECM  to  "im^”  the  local  mtriecular  flux  of  electroactive 
ions  across  a  porous  memmine  (FJ5).  In  tins  application,  the  SECM  measurement  yields  the 
pore  stttcture  m  the  membruie  as  well  as  the  tale  or  transport  widnn  individual  poses. 

Several  new  scanned  probe  irruimg  qrstems  were  reported  during  the  last  year  that  are 
baaed  on  measuring  either  the  inserfodalpotential  or  the  local  current  distribution.  Orianiand 
coworkers  reported  the  use  of  a  Kelvin  nucroprobe  to  measure  the  corrosion  potential  profiles 
across  surfaces  of  galvankally-ooupled  metals  in  humid  atmospheres  (F5d).  The  same 
technique  ams  used  ^  Huang  ei  aL  ID  map  the  work  function  distribittion  across  dtin  anodically- 
grown  TiQzflhnsCFJT).  Inacs  at  d.  hi^  adapted  a  scaruung  vibrating  pttte  (VSP)  technique 
(FJS)  to  meastae  the  magrritude  and  direction  of  the  corrosion  current  disttibution  over  a  steel 
nirface  iF39i. 
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